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ABSTRACT

Thallium (Ti) is a highly toxic metal that is anthropo-

genically concentrated in the environment. Chapter 1 and 2

review T1 toxicity and the quantitative analysis of trace

levels of Ti in biologic materials by atomic absorption

spectroscopy (AAS). Chapter 3 documents a study designed to

evaluate the antidotal efficacy of 2 compounds in the treat-

ment of acute Ti toxicity in rats. The treatment objective in

Ti poisoning is to enhance the metal's elimination from the

body without promoting redistribution to target organs,

particularly the brain. The therapeutic efficacy of many

heavy-metal chelators have been investigated for Ti poisoning;

all have some limiting feature. Unithiol (2,3-dimercapto-l-

propanesulfonic acid, DMPS) and prussian blue (potassium

ferric hexacyanoferrate (II), PB), given alone and in combina-

tion, were evaluated as antidotes in the treatment of acute

thallotoxicosis in male Sprauge-Dawley rats. Animals were

poisoned with equivalent doses of 20 mg Tl/kg BW po on day 0,

using thallous sulfate. On day 1 (24 h later), antidotal

treatments began and were continued through day 4 as follows:

50 mg PB/kg BW po, 2/d; 5 mg DMPS/kg BW ip, 6/d (day 1), 4/d

(day 2), 2/d (days 3-4); or their combination. Animals were

sacrificed by ip injection of sodium phenobarbital 24 h after

the last antidotal treatment (day 5) and tissue samples

collected. Thallium concentrations in kidney, liver, heart,

brain, whole blood and feces were determined by electrothermal



atomic absorption spectroscopy. The relative accumulation of

Ti in organs was kidney>>heart>liver-brain. PB induced

significant decorporation of Ti from all tissues. DMPS failed

to significantly decrease the T1 content in any organ, but

significantly decreased the Ti content in whole blood.

PB+DMPS treatment significantly decreased the Ti content in

all organs, but to no greater extent than PB alone. PB and

PB+DMPS treatments significantly increased the TI content of

feces, whereas DMPS treatment alone produced little effect.

This study indicates that PB is a beneficial antidote in the

treatment of acute thallotoxicosis in rats. The failure of

DMPS to significantly decrease the Ti content in 4 target

organs suggests it would not be useful in the treatment of Ti

poisoning.
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INTRODUCTION

Thallium is a highly toxic metal normally present at

trace levels in the environment except when concentrated by

human activities. Chapter 1 explores the problem of Ti

poisoning in animals and humans. The chemistry relevant to Ti

toxicity is presented. The metal's occurrence and distribu-

tion and its production and uses are briefly introduced,

followed by a discussion of its absorption, distribution and

excretion in mammals. The molecular basis of Ti toxicity is

reviewed to provide a biochemical and physiological basis for

understanding the clinical manifestations of Ti poisoning. A

review of the metal's clinical toxicology follows, with

emphasis placed on the major effects caused by acute Ti

toxicity. Thallotoxicosis often is a diagnostic challenge;

clinical clues and laboratory tests uaeful in diagnosis of Ti

poisoning are presented. The management of thallotoxicosis is

discussed and treatment options and considerations are

presented.

The analytical challenge in toxic-metal antidote studies

is the accurate quantification of trace levels of the offend-

ing metal in complex biologic matrices (ie, organs, blood,

feces, etc). Atomic absorption spectroscopy (AAS) fills this

need. Since its introduction by Walsh .:ore that 30 years ago,

AAS has matured to become the dominant analytical method for

trace level metal analysis in the clinical laboratory.
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Chapter 2 discusses the basic principles and instrumentation

of AAS. Sample preparation techniques are discussed; destruc-

tion of organic matter and liquid-liquid separations are

emphasized. The application of flame and graphite furnace

(electrothermal) AAS to the determination of T1 in biologic

materials is reviewed.

Chapter 3 details my research project, which involved the

evaluation of the antidotal efficacy of 2 compounds in the

treatment of acute T1 toxicity in rats. The treatment

objective in T1 poisoning is to enhance the metal's elimina-

tion from the body without promoting redistribution to target

organs, particularly the brain. To this end, the therapeutic

efficacy of different metal chelators has been investigated in

the attempt to find an effective antidote for thallotoxicosis.

To date, no chelator has proven to be totally satisfactory.

A metal chelator, Unithiol (2,3-dimercapto-l-propane-

sulfonic acid, DMPS), and an inorganic dye, prussian blue

(potassium ferric hexacyanoferrate(II), PB), given alone and

in combination, were evaluated as antidotes in the treatment

of acute thallotoxicosis in male Sprauge-Dawley rats.

Thallium concentrations in kidney, liver, heart, whole blood

and feces were determined by electrothermal AAS. This study

indicates that PB is a beneficial antidote in the treatment of

acute thallotoxicosis in rats. The failure of DMPS to

significantly decrease the T1 content in 4 target organs

ix



suggests it would not be usefu:l in the treatment of thallo-

toxicsosis.
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CHAPTER 1

A REVIEW OF THALLIUM TOXICITY

JP Mulkey and FW Oehme

Comparative Toxicology Laboratories

Kansas State University

Manhattan, KS 66506

(913) 532-4334

(Vet Hum Toxicol, in press)
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ABSTRACT

Thallium (Ti) is one of the most toxic of the heavy

metals. Its continued use as a rodenticide in many developing

countries and its increasing use in an expanding number of new

technologies raise concerns about exposure risk to animals and

humans. Because Ti and potassium (K) have the same charge and

similar ionic radii, T1 follows K distribution patnways and

alters a number of K-dependent processes. Possible toxic

mechanisms of T1 include ligand formation with protein

sulfhydryl groups, inhibition of cellular respiration,

interaction with riboflavin and riboflavin-based cofactors,

and disruption of calcium homeostasis. The principal clinical

features of thallotoxicosis are gastroenteritis, peripheral

neuropathy of unknown etiology, and alopecia. The presence of

elevated Ti levels in the urine or other biologic materials

confirms the diagnosis of T1 poisoning. Treatment with

prussian blue (or activated charcoal) will interrupt the

enterohepatic cycling of Ti, thus enhancing fecal elimination

of the metal. Forced diuresis with potassium loading will

increase the renal clearance of TI, but should be used

cautiously because neurologic and cardiovascular symptom may

be exacerbated. If recognized and treated early, TI poisoning

carries a favorable prognosis for full recovery.
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KEYWORDS: Thallium; poison; treatment; chelator; prussian

blue; ferric hexacyanoferrate(II); neuropathy; alopecia.
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The toxicity of thallium (Ti) has been known almost since

its discovery by Crookes in 1861. While spectroscopically

examining the flue dust from a sulfuric acid production plant

for tellurium, he noted an unexpected bright green line in the

emission spectrum. Crookes attributed the line to a new

element which he named "thallium', from the Latin thallos,

meaning young twig or shoot (1). The following year, Lamy, a

contemporary of Crookes, experienced lassitude and weakness

while working to isolate the metal. Suspecting Ti to be

toxic, he gave thallium sulfate (T12SO4) to dogs, ducks and

hens, all of whom died within a few days (2). Today Ti is

recognized as one of the most toxic of the heavy metals (LDsO

8-12 mg/kg, man; LD5 0 30 mg/kg, rats) (3,4). The lethality of

T1 salts are listed in Table 1.

CHEMISTRY

Freshly-prepared TI has metallic luster that soon

develops a bluish-grey tinge when exposed to air, the result

of oxide build-up on its exposed surface. In the presence of

water, the hydroxide is formed. Metallic Tl is soft and

malleable, similar to lead in both appearance and physical

properties. Some of the element's physical constants are

listed in Table 2.

Thallium is located between mercury and lead in the

periodic table and is classified along with boron (non-metal),

4



aluminum, gallium, and indium as a Group IIIA element. The

metals of this group are electropositive; as their atomic

weights increase, so does their basic character. The monova-

lent Ti cation (Ti 4 ) is considered a soft acid (as are cadmium

[Cd2÷], methylmercury [CH3Hg÷] and [Hg 2*]). Under the Pearson

classification of hard and soft acids and bases, hard metals

favor interactions with hard bases, and soft metals favor

interactions with soft bases (5). Since T1÷ is considered to

be a soft acid, it tends to form stable complexes with soft

ligand donors such as sulfur-containing compounds (6).

Salts of the Group IIIA metals are water soluble, but

readily hydrolyze at pHV7 to form insoluble hydroxides, except

for T1 salts (7). Indeed, the high solubility of Ti salts

(ie, Ti sulfate, nitrate and acetate) is an important physical

property contributing to their marked toxicity in animals and

humans.

The electron configuration of T1 is [Xe]4f 145d10 6s 26p. Its

s electrons show a low propensity to be released or covalently

bound, so the metal occurs predominantly in the monovalent

form. The oxidation potential of the reaction Ti÷ + 2e- -4

T1 3+ is +1.25 V; for Tl1 + e- -4 T10 it is -0.34 V (8).

Thallium and the alkali metals (potassium [K] and cesium)

possess similar ionic radii and electronegativity constants.

These properties and its position in the periodic table give

T1 a distinct chalcophilic and, occasionally, siderophilic

character.

5



Inorganic Tl(I) compounds are more stable than the

Tl(III) analogues in aqueous solution at neutral pH. In

contrast, covalent organothallium compounds are stable only in

the trivalent form. T13 ", but not Tl1, can be methylated by

methyl-vitamin B12 (9). The chemistry of Ti (1) and the Group

IIIA metals (10,11) has been reviewed.

OCCURRENCE AND DISTRIBUTION

Thallium is distributed widely, but it is generally

present in very low concentration. The crustal abundance of

Ti is 0.3 ppm, with higher levels found in granite, shale and

manganese nodules. It has also been detected in volcanic

rocks, meteorites and in plants. Since Ti and potassium

possess similar ionic radii, T1 is concentrated in magmatic

potassium minerals such as feldspars and micas. The few Ti

minerals that exist contain between 16% and 60% Ti and are

quite rare: Crooksite (Cu,Tl,Ag) 2Se; lorandite TIAsS3 ; hutch-

insonite (T1,Ag) 2S.PbS.2As 2S3 ; and vrbaite T12S3(As,Sb) 2S3 (1).

Natural T1 concentrations in seawater and freshwater are

estimated to be <0.03 ppb (3). Thallium levels in normal

humans and animals are <1 ppb in blood and urine and <10 ppb

in tissues (4,12).

6



PRODUCTION AND USBS

Thallium is found in pyrites used to make sulfuric acid;

the H2SO4 production process generates waste residue that

yields commercially recoverable levels of the element.

Thallium is concentrated in iron, lead, cadmium and copper

smelters as flue dust which is further processed to recover

commercial quantities of the metal. Annual worldwide Ti

production is only -5 tons (13); recent US production is

estimated to be 1500 lbs (682 kg). Thallium is also rclee ed

to the environment by cement plant emissions and through

agricultural use of phosphate fertilizer (14).

A small amount of T1 is used in alloys (anticorrosive),

optical lenses (increases refractive index), low-temperature

thermometers, dye and pigments (artist paints), semiconduc-

tors, superconducting ceramics and films, fiber optic cables,

vapor lamps, scintillation counters, portable radiation (7

ray) detection devices, and in organic chemistry (catalyst)

(8,15,16).

Mining and smelting, together with sulfuric acid pro-

duction and coal-burning power plants, are the major iatro-

genic sources of T1 in the environment (17,18). Major non-

point sources are auto emissions (urban) and phosphate

fertilizer (rural), but their contribution to the total

environmental burden of the metal has not been fully assessed.

Th use of Tl in these commercial applications gives rise to

7



concerns about occupational exposure and environmental

pollution (19).

Thallium sulfate (T1 2 S0 4 ), an odorless and tasteless

compound, was once used in the US as an insecticide/roden-

ticide, but was restricted in 1975 as a consequence of several

highly publicized accidental, criminal and suicidal poisonings

(2,20). Many developed countries have banned or strictly

controlled its use for this purpose (21), yet poisonings still

too frequently occur. Its uncontrolled use in developing

countries has resulted in a number of accidental human and

animal poisonings (22-24).

Thallium was once used to treat syphilis, gonorrhea,

tuberculosis, ringworm infestation of the scalp, and as a

cosmetic epilant. Safer and more efficacious drugs long ago

replaced Tl in the treatment of these conditions. The only

medical use of Ti today is as a radioactive contrast agent

(2°'TI) to image tumors and to visualize the heart in myocar-

dial function tests (25,26).

ABSORPTION, DISTRIBUTION AND EXCRETION

After rapid and complete absorption from the respiratory

or gastrointestinal (GI) tract or skin, water-soluble Ti salts

are widely distributed to organs and tissues, including the

brain, heart, kidney, skeletal muscle and testis, the princi-

pal targets of TI toxicity (27). Since T1" (1.50 A) and K÷

8



(1.38 A) are univalent ions with similar ionic radii, TI"

interferes with K÷-dependent processes and mimics K" in its

movement and intracellular accumulation in mammals (28). The

thallium cation is less rapidly released than the potassium

cation (K*) once it moves into the cell. Because of its large

distribution volume and low free plasma concentration, renal

excretion of Ti is slow and it may be detected for months

after exposure in untreated persons. In mammals, its body

clearance is exponential with an estimated half-life of 4 d

(29). The kidneys filter Tl into the urine, the salivary

glands and liver concentrate T1 in their secretions, and the

intestinal mucosal cells actively transport TI into the lumen

of the GI tract, where it can be reabsorbed (enterohepatic

circulation) or eliminated in the feces (30,31). In mammals,

Ti excretion via the GI tract is twice that of the kidneys.

A small amount of the metal is taken up and excreted in hair;

its presence near the roots can be seen microscopically within

3-4 d of intoxication. Thallium has been detected in the milk

of poisoned female rats, mice, guinea pigs and humans, and a

significant fraction of free plasma Ti crosses the placenta

barrier (32). Some of the metal is retained in bone and other

tissues. (Ti levels increase with time in chronic exposure),

which suggests incomplete homeostatic regulation of the metal

in the body and accounts for its cumulative toxicity.

9



MOLECULAR BASIS OF THALLIUM TOXICITY

The toxic effects of T1 have been demonstrated in a wide

variety of biological systems, from yeast and bacteria to

plants and animals (33-35). Thallium toxicity has been

studied extensively in rats, mice, guinea pigs, rabbits, dogs,

cats and humans (36-42). In comparing the relative toxicity

of heavy metals, Zitko (43) states only methylmercury is more

toxic than Ti. Lucky and Venugopal (7) classify Tl as the

most toxic cumulative metal cation. Considerable effort has

been devoted to better understanding Ti toxicity at the

molecular level. The various mechanisms proposed to account

for the metal's TI toxicity are discussed below. While many

of these are tenable based on in vitro studies or circumstan-

tial evidence, the precise biochemical mechanisms underlying

the clinical manifestations of thallotoxicosis are yet to be

proven.

Alteration of K-Dependent Processes

Thallium's ability to interfere with a variety of K*-

dependent processes is thought to play a significant role in

its toxicity. The chemical similarities between T1V and K"

explain, in large part, the similar movements exhibited by

these 2 ions in cells and tissues. Gehring and Hammond (28)

were among the first to propose that T1° and K" have common

cellular targets and receptor sites associated with biological

10



activity and toxicity. Various K÷-dependent proteins are known

to posses a higher affinity for T1÷ than for K* (44,45). Since

Tl alters the activity of these enzymes and membrane trans-

port proteins in vitro, they are possible sites of Tl toxicity

in vivo.

Several studies have explored various Tl-protein inter-

actions. Yeast aldehyde dehydrogenase (YADH) is a critical

enzyme in fermentation that catalyzes the NADH-mediated

reduction of acetaldehyde to ethanol. At low concentrations,

T1÷ replaces K* in the activation of YADH, but at high levels

(> 1.0 mM) T1÷ inhibits it (46).

Pyruvate kinase (PK) is a Mg2÷-dependent glycolytic enzyme

that catalyzes the transfer of a phosphate group from phospho-

enolpyruvate to ADP yielding pyruvate and ATP. It requires K"

to attain maximum activity. Kaye (47) demonstrated that PK

has 50 times greater affinity for TlI than K, dnd that PK is

strongly inhibited by T1 at higher concentrations, possibly

due to the formation a TI*-ADP complex.

Na*-K÷ ATPase is responsible for the active transport of

monovalent cations across plasma and organelle membranes.

This electrogenic antiport is critical for osmotic regulation

by cells, the generation of the electrochemical potential

gradient responsible for the electrical excitability of nerve

cells, and in providing free energy (ATP) for the active

transport of metabolites (glucose and amino acids) into some

cells. At low levels, TlI has been shown to replace K" in the

11



activation of Na4-K* ATPase and to bind the protein with 10-

fold higher affinity than K' (28,45). However, at high

concentrations, T1V competitively inhibits Na*-K" ATPase (48).

Mitochondria have an abundance of Na'-K* ATPase and are

particularly susceptible to the effects of Tl (49). Mito-

chondrial swelling and vacuolization are comnmon electron-

microscopic findings in Tl-poisoned neurons (50). Moreover,

Tl compromises mitochondrial energy production by inhibiting

pyruvate dehydrogenase complex (PDC) and succinate dehydro-

genase (SDH) (51). Thus the metal cation biocks the catabolism

of carbohydrates and the entry of electrons into the electron

transport chain, thereby decreasing ATP generation via

oxidative phosphorylation (52). The presence of ketones

(acetone, acetoacetate and 0-hydroxybutyrate) in the urine and

the clinical finding of metabolic acidosis in thallotoxicosis

is a consequence of Ti's inhibition of PDC, SDH and other

enzymes critical for normal carbohydrate metabolism.

Thallium may also disrupt normal cell metabolism by

stimulating enzymes. At low levels, T1÷ activates other K*-

dependent enzymes, such as phosphatase, homoserine dehydro-

genase, vitamin B12-dependent diol dehydrogenase, L-threonine

dehydratase, and AMP deaminase (34,43).

Thallium-Sulfhydryl Group Interactions

Thallium's chalcophilic character may contribute to its

observed toxicity in animals and humans. Thallium has a high
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affinity for natural ligands that contain sulfhydryl (-SH)

groups. These groups are structurally important in several

classes of enzymes, such as hydrolases, oxidoreductases and

transferases (ie flavoenzymes, pyridoxal phosphate-dependent

enzymes and thiol proteases). They are functionally important

constituents of cofactors involved in many enzyme-catalyzed

reactions. For example, PDC and SDH both have dithiol-

containing lipoamide prosthetic groups that function in

transacetylation of metabolices in their enzyme complexes.

Thallium-mediated sulfhydryl inactivation may play an impor-

tant role in the overall toxicity seen in thallotoxicosis.

Thallium's affinity for -SH groups explains some of the

clinical effects seen in TI poisoning. Keratin is the

structural protein of hair, horn, nail and feathers. Two of

keratin's important physical properties, insolubility and

resistance to stretching, are attributable to its large number

of cysteine residues (53). These residues cross-link, forming

disulfide bonds between adjacent polypeptide chains. Thallium

blocks formation of the disulfide bonds in keratin, which is

manifested clinically by alopecia and anomalies in nail growth

(Mee's lines) (54,55).

Other Mechanisms of Action

Thallium has been shown to adversely affect protein

synthesis. Manmnalian ribosomes are strictly dependent on K"

and Mg2÷ for normal interaction between ribosomal subunits.
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Tl* can replace K' causing progressive destabilization and

irreversible damage to ribosomes, the 60S subunit being

particularly affected (56).

Thallium-induced changes at the molecular level produce

alterations in normal physiologic processes. Muscle fiber

membranes cannot distinguish between Tl* and K* at low Tl*

concentrations, but at higher concentrations they are irre-

versibly damaged (57). Likewise, Tl* affects the excitability

of myocardial cells, the action potentials in nerve fibers,

and neuromuscular transmission in a similar way, but to a

greater extent, than K%

Interactions between Tl and riboflavin may play a role in

the metal's toxicity. Cavanagh (58) has suggested that TI

impairs cell energy metabolism by causing a deficiency of

riboflavin and ribof I avin -derived cofactors. The observation

that Tl salts produce similar pathological effects in nerves,

hair, nails and the heart as thiamine deficiency (beriberi)

and trivalent arsenic provides circumstantial evidence in

support of this theory. Moreover, Tl salts are known to

precipitate riboflavin (59); they were once used for this

purpose to isolate riboflavin in milk.

Ali et al (60) found that Tl induced alterations in amino

acids (glutamic acid, aspartic acid) and neurotransmitters

(glutamic acid, dopamine, serotonin) in rat brains exposed

acutely or subacutely to the metal ion. Hasan et al (61,62)

reported a significant decrease in several enzymes and
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neuropathological changes in the hypothalamus and hippocampus

after 'exposure to Ti. Thallium is also known to produce

significant increases of lipid peroxidation in the rat brain

(63). Its affinity for thiol groups may reduce glutathione

levels (64), causing a concomitant increase in membrane-

damaging free radicals and peroxides. It is of interest that

the antioxidant effect of selenium antagonizes Ti-induced free

radical/peroxide generation and counteracts Tl's toxicity in

vivo (65,66).

The second-messenger cation, calcium (Ca 2 "), is vital in

the regulation of a number of physiologic processes in the

cell. Intracellular Ca2* concentration is maintained at a

constant low level by the concerted operation of cellular

transport and compartmentalization systems. The mitochondria,

endoplasmic reticulum and nucleus serve as the principal Ca 2̀

storage sites in the cell, while membrane-bound Ca 2l pumps

transport the cation out of the cell and into these organelles

(67). Several heavy metals are known to cause prolonged

elevation of intracellular Ca 2l, resulting in Ca 2 -induced

cytotoxic responses in various tissues (68). Thallium may

elevate intracellular Ca 2" by 1 or more of the following

mechanisms: Inhibiting Na÷-K* ATPase and F,/F 1 -ATP synthase;

uncoupling oxidation phosphorylation; or disrupting the normal

antioxidant processes in the cell.

Many theories have been proposed to account for TlI's

toxicity at the molecular level. It is likely that 1 or more
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of them are operative in the cell. This area is of great

interest and continues to be fertile ground for further

clinical and basic research.

CLINICAL TOXICOLOGY

The symptomatology of thallotoxicosis varies with dose,

age and acuteness of intoxication. Curiously, children tend

to be less sensitive to T1 than adults (69). A dose of

greater than 100 mg (1.4 mg Tl/kg body weight) will produce

acute toxicity in adult humans; 500-800 mg is often lethal

(8). Smaller doses over longer time periods will produce

similar, but milder, symptoms as in acute exposures. Chronic

poisoning can produce mild to severe effects depending on the

severity of exposure.

Gastroenteritis, polyneuropathy, and hair loss are the

dominant clinical features of Tl poisoning. A latent period

of hours to 1-2 d may follow acute exposure. Abdominal pain,

constipation or diarrhea are conmnon initial complaints, but

some individuals experience only nausea and vcmiting or

itching or a vague dull feeling in the extremities. In high-

dose exposure cases, neurologic effects may dominate the

clinical picture.
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Gastrointestinal Tract

Thallium may cause GI disorders regardless of exposure

route. Often, nausea and vomiting occur during the 3-4 d

period following intoxication, which may be replaced by severe

abdominal pain that is relieved by direct pressure. Signs of

enteritis or colitis may be observed; ulceration of the

mucosal lining of the colon can ensue, producing GI bleeding

(70). Depression of intestinal motility and peristalsis may

occur due to possible vagus nerve involvement, resulting in

severe constipation.

Nervous System

Neurologic symptoms usually appear in 2-5 d in acute

exposure cases, which are characterized by a painful, rapidly

progressive peripheral neuropathy that dominates clinically in

the second or third week. Sensory disturbances include pain

and paresthesias of the lower limbs, numbness in the fingers

and toes, with loss of pin-prick and touch sensation (69).

Occasionally, hyperesthesia involving the soles of the feet

and tibial region occurs; the mere weight of bed sheets on the

lower extremities may cause excruciating pain (71). Motor

neuropathy is manifested by weakness which is always distal in

distribution. The lower body extremities are primarily

affected. Upper extremity involvement occurs infrequently and

cranial nerve participation is rare. Insomnia, headache,

emotional lability (lamentation with a theatrical or hysteri-
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cal effect), anxiety, tremor, ataxia, choreoathetosis, and

signs of cranial nerve involvement (ptosis, nystagmus,

abnormal palatal or vocal cord movements) may develop.

Psychosis with paranoia, depression, aggressiveness and

hallucinations are not uncomnmon. In chronic Tl poisoning,

ataxia and paresthesia may be the outstanding symptoms. In

time, the paresthesia may progress to frank peripheral

neuropathy with weakness and atrophy of the associated

musculature.

Bye

Retrobulbar neuritis with reduction of vision and central

scotoma may occur as a result of Tl intoxication (72).

Cataracts, iritis, inflammation of the eyelids, and intraocu-

lar hemorrhage have been reported in animals (73). Subnormal

or absent retinal electrogenesis may be observed as soon as 2

d post-intoxication, as measured by electroretinography (74).

Skin

Alopecia is the best known effect of chronic T1 poison-

ing. Epilation begins about 10 d after ingestion; complete

hair loss is seen in about 1 mo. This long latent period

coincides with the maturation period of the new epithelial

cells of the hair papilla, which Tl targets. After a matu-

ration period of 10-14 d, hair loss is evident. Axillary and

facial hair, including the inner 1/3 of the eyebrows is
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usually spared, which has been attributed to Tl-induced

lesions to the sympathetic nervous system (2). However, most

evidence supports direct involvement of Ti with the hair

follicles as the mechanism of toxicity (54,75,76). Thyresson

(54) found a high 204Ti content in active hair follicles,

whereas restinig follicle uptake of the nuclide was low. Hair

loss is usually reversible, but severe poisoning may lead to

permanent alopecia. Thallium deposits in hair samples can be

observed microscopically as regions of dark brown or black

pigmentation near the hair roots 3-5 d post-intoxication.

Other observed dermatological effects may include palmar

erythema, acne, anhydrosis, and dry scaly skin, which is

caused by the metal's toxic effect on sweat and sebaceous

glands. Dystrophy of the nails, seen as the appearance of

white semilunar bands (Mee's lines), appear 3-4 w after

intoxication.

Heart

Cardiac signs, such as sinus tachycardia, irregular

pulse, hypertension, and angina-like pain, have been reported

during the second week after exposure. While some inves-

tigators attribute these signs to vagus nerve involvement,

others have noted electrocardiographic changes (nonspecific ST

segment abnormalities, flattened or inverted T-wave) that

suggest direct myocardial damage (72).
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Kidneys

Renal function is usually not grossly impaired, despite

the fact that the kidneys accumulate the highest concentration

of Ti of any organ. Albuminuria, hematuria, elevated blood

urea nitrogen (BUN) or decreased creatinine clearance indicate

renal involvement, whereas coproporhyrinuria and uroporphyrin-

uria reflect liver and muscle damage (71,77). A definitive

diagnosis of thallotoxicosis is based on the demonstration of

above-normal T1 levels in the urine or other biological

specimens.

Reproductive System

Experimental evidence suggests that the reproductive

system is highly susceptible to Ti. Decreased libido and

impotence in humans, and lower sexual activity in laboratory

animals was noted with chronic exposure to the metal. In

animals and humans, the testis accumulated high levels of Ti.

Moreover, morphological and biochemical changes in the testes

and decreased epididymal spt~rm motility were noted in rats

exposed to 10 ppm T1 in drinking water of 2 mo (78). In

experiments on embryonic mouse cultures exposed to 1 JIM Ti,

only 14% of embryos reached the blastocyst stage of develop-

ment (79). The human fetus may suffer from transplacental

exposure to Ti, as evidenced by skin and nail dystrophy,

alopecia and low body weights in newborns of Tl-in.,xicated

mothers (80).
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Teratogenicity and Carcinogenicity

Thallium is teratogenic in chick embryos, causing

achondroplasia, leg bone curvature, parrot-beak deformity,

microcephaly and decreased fetal size (81). However, tera-

tological investigations in mammals have produced conflicting

results (82,83).

Large doses (3 mg/kg TlC1 3) of the trivalent TI cation

inhibited tumor growth in Sprague-Dawley rats carrying an

ascitic form of Walker 256 carcinoma (84). However, it had no

effect on L1210 leukemia cells or other types of solid tumors.

Buschke and Peiser (85) fcund that chronically-exposed rats

developed gastric papillomas and inflammatory proliferative

lesions in the forestomach, such as hyperkeratosis and

epithelial cysts and tufts that extended into the muscularis

mucosa. Thallium induced single-stranded DNA breaks in C57 B/6

mouse cell cultures, and its mutagenic activity, as measured

by dominant lethal testing, was higher than that of mercury

chloride (86).

LABORATORY EVALUATIONS

Analysis of urine, feces, hair or saliva for TI contents

should be done to assess the extent of Tl exposure and to

monitor treatment. Although a variety of analytical methods

can be employed in the determination of Tl, atomic absorption

spectroscopy (AAS) is the method of choice in most clinical
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laboratories.

Estimates of Ti concentrations in the normal population

are 7-15 ng Tl/g hair and -0.3 gg TI/L urine. Salivary levels

of the metal are -15 times higher than urinary levels, and

thus may serve as a measure of Ti toxicity in people with

severe constipation, renal failure or other conditions that

prevent collection of standard biological materials (30).

Other laboratory findings in Ti poisoning are nonspe-

cific. Anemia and hemolytic changes are occasionally re-

ported, but the lymphocytosis and eosinophilia sometimes seen

are likely due to secondary infection. Elevated liver enzymes

may be found, although the metal is not particularly hepato-

toxic. Hypokalemia and hypochloremic metabolic acidosis have

been observed (2,71). Coproporphyrinuria and uroporphyrinuria

may be seen, which may reflect liver and muscle damage (69).

Decreased creatinine clearance, elevated BUN, and proteinuria

indicate renal function impairment. A slightly elevated

cerebrospinal fluid protein level may occasionally be seen,

but rarely is it greater than 100 mg% (69).

DIAGNOSIS

The diagnosis of thallotoxicosis is often difficult

unless the etiology is well known. The triad of gastroen-

teritis, peripheral neuropathy of unknown origin, and alopecia

should alert the clinician to the possibility of T1 poisoning.

22



Unfortunately, the diagnosis of Ti poisoning often occurs only

after hair loss is observed (3-4 w post-intoxication), thus

diminishing the effectiveness of treatment and increasing the

likelihood of permanent residual effects. It must be stressed

that hair loss does not always occur (70,72,87). Thallium

poisoning should be considered any time the patient presents

with neurological symptoms of unknown etiology, particularly

peripheral neuropathy.

The occurrence of nonspecific symptoms may lead to

misdiagnosis, particularly in chronic T1 intoxication.

Thallium-induced motor neuropathy must be differentiated from

that seen in acute intermittent porphyria or Guillian-Barre'

syndrome. Erythema, renal impairment, fever and hair loss may

suggest systemic lupus erythematosus, particularly in young

females (88).

Routine metal screening tests often are not designed to

detect Ti. A T1 mobilization tesL ca*i be used to confirm

poisoning; this entails giving 45 mEq potassium (K) po, then

collecting and analyzing urinary excretions during the

subsequent 24-h period (89). Care should be taken to insure

that urine specimens are collected in a non-metal container

and then rapidly acidified to prevent surface adsorption or

coprecipitation with other urine constituents. AAS is

preferable to colorimetric or spectrophotometric methods

because of its high specificity for TI and its low detection

limits (-3 ppm, flame AAS; <1 ppb, graphite furnace AAS) (90).
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Additionally, a qualitative test for Ti can be done by

microscopically examining hair roots for Ti deposits (black or

dark brown pigmentation). In poisoned patients Ti deposits

can be found in 95% of scalp hair examined, 50-60% of

chest/leg hair, and 30% of eyebrow/eyelid hair (91).

TREATMENT

Estimation of the dose, time elapsed since exposure, and

physical status of the patient will aid in determining whether

induced vomiting, gastric lavage, supportive care or specific

therapy is required, and the priority of these management

steps.

In recent acute exposure, ipecac syrup should be given or

lavage performed to remove as much T1 as possible from the GI

tract. Symptomatic and supportive treatment should be begin

immediately, with special attention given to the patient's

respiratory and circulatory status.

The treatment objective in TI poisoning is to enhance the

metal's elimination from the body. This is accomplished by

inhibiting absorption/reabsorption of the metal from the

digestive tract and by mobilizing the Ti from tissue storage

sites without exacerbating the patient's symptoms.

Attempts to mobilize TI by use of chelating agents have

yielded negative or marginal results. Ethylenediaminetetra-

acetic acid and diethylenetriaminepentaacetic acid are
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completely ineffective (92,93). Dimercaprol (British anti-

Lewisite, BAL) and D-penicillamine failed to enhance Ti

excretion in experimental animals (94,95). Dithiocarb (sodium

diethyldithiocarbamate, NDDC) chelates Ti in vivo and enhances

renal excretion, but the lipophilic metal-ligand complex

promotes Ti redistribution to the brain, thus exacerbating

neurologic symptoms (96). Treatment with dithizone (diphenyl-

dithiocarbazone) yielded equivocal results (97,98) and was

found to be goitrogenic and diabetogenic in animal studies.

Potassium increases the urinary excretion of TI (97) and

increases the LDs0 of Ti in rats (28). Two possible mechanisms

are responsible for increased thalluresis: K blocks tubular

reabsorption of Ti, or K mobilizes T1 from intracellular

stores thereby raising plasma levels and increasing its

availability for filtration by the kidneys. But like NDDC, K

may also cause dangerous redistribution of Tl to the central

nervous system (99), and thus should be used with caution.

Given orally, prussian blue (potassium ferric hexacyano-

ferrate(II), PB) absorbs monovalent Ti cations in its crystal

lattice, thereby interrupting its enterohepatic circulation.

Prussian blue and the TI-PB complex are not absorbed from the

GI tract and are eliminated in the feces. About 7% of PB is

degraded to cyanoferrate, which is absorbed and rapidly

eliminated in the urine, carrying some bound Ti with it in the

process. Prussian blue has a high therapeutic index and is,

for all practical purposes, nontoxic (100). It is most
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effective when administered within the first 48 h after

ingestion, but results from human studies suggest PB has

therapeutic utility throughout acute and chronic intoxica-

tions.

Prussian blue exists in 2 forms, the so-called insoluble

form and the colloidal (soluble) form; the latter form absorbs

more Tl. Stevens (101) compared the effectiveness of PB in

human trials and found it to enhance fecal elimination of Ti.

Since T1 may cause severe constipation, 250 mg PB/kg/d in 4

divided doses should be given in a 15% mannitol solution (50

ml). Prussian blue is not commercially available in the US,

but can be obtained from Heyl Chemisch-Pharmazentische Fabrik

Gmbh & Co (Berlin). Prussian blue is not yet approved for

human use by the FDA. Activated charcoal may be used instead

of PB, but it is not as effective (100). The recommended dose

of activated charcoal is 500 mg/kg/d, given twice daily.

Forced diuresis enhances the elimination of T1 (102) and

may be useful in acute intoxication. Hemodialysis, however,

is of little benefit once T1 has been sequestered intracellu-

larly unless potassium is given concurrently. For this

reason, hemodialysis is only indicated in the initial stages

of acute intoxication when T1 plasma levels are relatively

high or in the case of renal severe insufficiency/failure

(103). Hemofiltration was found ineffective in eliminating Tl

(103).

The decorporation of several heavy metals is enhanced by
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the concurrent use of 2 or more chelators. In acute TI-

exposed laboratory animals, a chelator-PB combination was

shown to pi.oduce a synergistic effect that enhanced the

overall elimination of the metal from the body. Rios et al

(104) demonstrated that the combined administration of D-

penicillamine and PB reduced the TI content in rat target

organs more than single administrations of these antidotes,

without promoting dangerous redistribution of TI to brain.

The use of chelator-PB combinations to treat thallotoxicosis

deserves more research attention.

In summary, acute thallotoxicosis should be treated by

gastric lavage/emesis if ingestion was recent, followed by

oral PB and laxatives and forced diuresis with K loading. If

plasma T1 levels are elevated or if the patient is in renal

failure, hemodialysis should be c asidered.

PROGNOSIS

Thallotoxicosis is a serious illness with high morbidity

and mortality whose outcome is hard to estimate. In general,

cases with a fulminating onset are rapidly fatal. The longer

the patient survives, the better the prognosis for survival,

although long-lasting or permanent neurologic sequelae may

result. In a follow-up study conducted 4 y after.Tl intoxica-

tion, Reed (2) found a 58% incidence of chronic neurologic

defects involving both the peripheral and central nervous
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systems in surviving patients. Severe and presumably perma-

nent deterioration in intellectual function (memory and

performance abilities) has been documented in at least 1 case

(105). However, if Ti poisoning is recognized and treated

early, the chance for full recovery is good.

CONCLUSIONS

Thallium poisoning is a complex and often fatal afflic-

tion involving a wide range of organs and tissues. Because of

its similarity to potassium, T1 follows K distribution

pathways and inhibits a number of K-dependent processes.

Several mechanisms have been postulated to account for TlI's

toxicity, including ligand formation with sulfhydryl groups of

enzymes and transport proteins, inhibition of cellular

respiration, interaction with riboflavin and riboflavin-based

cofactors, alteration of the activity of K*-dependent pro-

teins, and disruption of intracellular calcium homeostasis.

The clinical triad of gastroenteritis, peripheral neuropathy

of unknown etiology, and alopecia should alert clinicians to

the possibility of TI poisoning. The diagnosis of thallotoxi-

cosis is confirmed by finding elevated Ti concentrations in

urine or other biologic materials. Treatment should consist

of gastric lavage/emesis to reduce exposure to the metal, PB

(or activated charcoal) and laxatives to enhance fecal

elimination, and forced diuresis with K loading to increase
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renal clearance. If K is given, the patient's status must be

monitored carefully because neurologic and cardiovascular

symptoms may be exacerbated. Hemodialysis may be useful at

the outset if plasma TI levels are high or in the case of

renal failure. A favorable prognosis is justified if the

poisoning is recognized and treated early. The longer the

exposure to Tl, the greater the risk of permanent neurologic

abnormalities.
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TABLB 1. TOXICITY OF THALLIUM SALTS.

COMPOUND ANIMAL ROUTE TOXIC DOSE REF
DOSE' (mg Tl/kg)

Ti Acetate rat ip LD50  23 106
po LD50  32

rabbit iv LDLo 20
ip LDLo 13

guinnea ip LDLo 7
pig po LDL, 12

dog po LDo 20

Ti Oxide rat ip LD50  72
po LD50  39

rabbit iv LDLo 39
ip LDLo 60

guinnea ip LDL 30
pig po LDLo 5

dog po LDLo 30

Ti Nitrate rat sc LDLo 20 34
mouse po LDso 32.5
dog po LDLo 45

T1 Sulfate rat po LD5 0  15.8
mouse po LD50  29
human po LDLo 8 69

i LDLo is the lowest dose producing lethality during 14 d

observation period.
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TABLE 2. THE PHYSICAL PROPERTIES OF THALLIUM.
(Adapted from Trump DM: The Integral Scientist,
Assoc of Shareware Professionals, 1991)

Atomic number 81

Atomic weight 204.3833

Density (g/cm3 at 20 0C) 11.85

Melting Point (0C) 303.55
Boiling Point (°C) 1456.85

Crystal Structure
Hexagonal close packed <230 TC
Body centered cubic 230 - 303.55 °C

Molar Enthalpy of
Atomization 182.845
Fusion 4.31
Vaporization 166.1

Electron shells [Xe14f 145d' 06s 26p

Oxidation states +1 +3

Atomic radius (pm) 171.0

Ionic radii (pm)
T1÷ 150.0
T1 3+ 88.5

Molar Ionization Energy
(kJ/mol)

I 589.3
II 1971.0

III 2877.0

Pauling's
electronegativity 1.8
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ABSTRACT

Thallium is a highly toxic metal (LDsO 8-12 mg/kg, man;

LDs0 30 mg/kg, rat) normally present at trace levels in the

environment except when concentrated by human activities. The

need for a rapid, specific and sensitive analytical method for

thallium determination in the clinical laboratory is met by

atomic absorption spectroscopy (AAS). Basic AAS principles

and instrumentation are discussed. Sample preparation

techniques for trace metal analysis of biological material are

presented; the destruction of organic matter and liquid-liquid

separations are emphasized. The application of flame AAS and

graphite furnace (electrothermal) AAS to the determination of

thallium in biologic materials is reviewed.
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THALLIUM

The toxicity of thallium and its salts has been known

almost since the element's discovery in 1861 by Crookes.

Named for the brilliant green spectral line it produces,

thallium is recognized as one of the most toxic heavy metals

(LDs0 8-12 mg/kg, man; LDs0 30 mg/kg, rat) (1,2).

Normal Thallium Levels

The crustal abundance of thallium is 0.3 ppm, with higher

levels found in granite, shale and manganese nodules (Table

1). Natural thallium concentrations in seawater and freshwa-

ter are estimated to be <0.03 ppb (3). Normal thallium levels

in humans and animals are <1 ppb in blood and urine and <10

ppb in tissues (4,5).

Production and Uses

Thallium is found in pyrites used to make sulfuric acid;

the H2SO4 production process generates waste residue that

yields commercially recoverable levels of the element.

.Thallium is concentrated in iron, lead, cadmium and copper

smelters as flue dust which is further processed to recover

commercial quantities of the metal. Annual worldwide thallium

production is only -5 tons (6); recent US production is

estimated to be 1500 lbs. Thallium is also released to the

environment by cement plant emissions and through agricultural
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use of phosphate fertilizer.

A small amount of thallium is used in alloys (anticor-

rosive), optical lenses (increases refractive index), low-

temperature thermometers, dye and pigments (artist paints),

semiconductors and ceramics, vapor lamps, scintillation

counters, portable radiation (y ray) detection devices, and in

organic chemistry (catalyst).

Mining and smelting, together with sulfuric acid pro-

duction and coal-burning power plants, are the major iatro-

genic sources of thallium in the environment. Major non-point

sources are auto emissions (urban) and phosphate fertilizer

(rural) but their contribution to the total environmental

burden of the metal has not been fully assessed. The use of

thallium in these commercial applications gives rise to

concerns about occupational exposure and environmental

pollution.

Thallium sulfate (T1 2 SO4), an odorless and tasteless

compound, was once used in the US as an insecticide/roden-

ticide, but was prohibited 1975 as a consequence of several

highly publicized accidental, criminal and suicidal poison-

ings. Many developed countries have banned or strictly

controlled its use for this purpose. However, its continued

use in developing countries has resulted in a number of

accidental human and animal poisonings (7-9).

Thallium was once ubed to treat syphilis, gonorrhea,

tuberculosis, ringworm infestation of the scalp, and as a
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cosmetic epilant. Safer and more efficacious drugs long ago

replaced thallium in the treatment of these conditions. The

only medical use of thallium today is as a radioactive

contrast agent (20'TI) to image tumors and to visualize the

heart in myocardial function tests (10,11).

Absorption, Distribution, Rxcretion

After rapid and complete absorption from the respiratory

or gastrointestinal tract or skin, water-soluble thallium

salts are widely distributed to organs and tissues, including

the brain, heart, kidney, skeletal muscle and testis, the

principal targets of thallium toxicity (12). Since T1÷ (1.50

A) and K+ (1.38 A) are univalent ions with similar ionic

radii, T1+ interferes with (Na+-K+) ATPase (and other K÷-

dependent enzymes) and mimics K÷ in its movement and intracel-

lular accumulation in mammals (13). T1+ is less rapidly

released than K÷ once it moves into the cell. Its half-life

in rats is estimated to be 4 d (14). Thallium is excreted by

the kidney into the urine and is also actively transported by

intestinal mucosal cells into the lumen of the gastrointesti-

nal (GI) tract where it can either be reabsorbed (enterohepat-

ic circulation) or excreted in the feces. A small amount of

the metal is taken up and excreted in the hair, and its

presence near the roots can be seen microscopically within 3-4

d of intoxication. Some thallium is retained in bone and

other tissues (T1 levels increase with time in chronic
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exposure), which suggests incomplete homeostatic regulation of

the metal in the body and accounts for its cumulative toxici-

ty.

Toxicity

The toxic effects of thallium in man and animals have

been extensively studied and have been the subject of several

reviews (15-17). Acute thallotoxicosis produces a complex

clinical picture due to its multiorgan involvement. The

predominant symptoms in acute exposure result from the metal's

effect on the GI tract, peripheral and central nervous system,

cardiovascular system, kidney and skin (Table 2). Subacute

and chronic thallotoxicosis may occur in the general popula-

tion (ie, accidental/intentional food poisoning) or in

thallium-exposed workers. Symptoms of subacute and chronic

thallium intoxication are similar to acute intoxication, but

are less pronounced (Table 3). The symptoms in long-term low-

level exposure (ie, industrial emissions and runoff) are

poorly understood, but may include partial alopecia and mild

neurological disturbances. In humans, maternal exposure

produces detectable thallium levels in amniotic fluid and

breast milk. Thallium is teratogenic in chick embryos but

equivocal effects were observed in rats, mice and cats (18).

Thallium may cause deformities in humans if the fetus is

exposed during the first trimester (19). It has marked

antimitotic activity in rapidly dividing tissues, such as hair
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follicles and the testes (15).

ATONIC ABSORPTION SPECTROSCOPY (AAS)

Many analytical methods have been applied to the deter-

mination of thallium in biological materials. Electrochemical

methods, such as polarography and anodic stripping voltametry,

are sensitive and precise techniques but require significant

time and effort in the pretreatment stage to reduce interfer-

ing substances in the sample. Neutron activation analysis,

isotope dilution mass spectrometry, x-ray fluorescence and

inductively coupled plasma mass spectrometry are sensitive

specialized techniques not generally suitable for routine

thallium analysis in the clinical laboratory setting.

Colorimetric methods are relatively insensitive and do not

attain the detection limits necessary to determine thallium in

chronic exposure cases. Significant improvements in AAS

instrumentation and development of many AAS procedures for

trace metal analysis have occurred over the past two decades.

Today AAS is the dominant method for trace metal analysis of

biologic materials because of its speed, specificity, sensi-

tivity and precision.

Principles and Instrumentation

A discussion of AAS principles and instrumentation is

presented for readers unfamiliar with the technique. Several
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excellent texts are available that treat the subject in

greater detail (20-22).

AAS is based on the principle that ground state atoms of

a given element will absorb monochromatic light of a given

wavelength proportionate to the number of analyte atoms

present in the sample (Fig 1). Metallic elements present in

a sample are reduced to their ground state by the process of

thermal disassociation in a flame or graphite furnace (GF):

A A
MX -+ MX M, + X0

solution salt free ground-state
particle atoms

Absorption spectrometers have components which fulfill 3 basic

requirements (Fig 2). Electromagnetic energy from a spectral

source, either a hollow cathode lamp (HCL) or electrodeless

discharge lamp (EDL), emits the characteristic spectrum of the

element of interest (the analyte) which is passed through the

flame or GF to a monochromator (normally a diffraction

grating) where the resonance line is isolated. Slits are used

to allow only a narrow portion of the spectrum containing the

resonance line to reach the detector, a photomultiplier tube.

The signal is amplified, processed and recorded so that

suitable calculations can be made (Fig 3).

The flame itself emits radiation which may interfere with

the analyte's resonance line, so single-beam alternating

current (a.c.) instruments have a chopper located between the
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lamp and the flame. The chopped light produces an alternating

current in the detector. The instrument's electronics are

designed to amplify only the a.c. signal, thus flame emission

is not measured. In double-beam instruments a rotating half-

mirror is used that alternately passes the sample beam and

reference beam to the detector (Fig 3). The ratio of the two

beams is measured electronically and is converted to an

analyte absorbance or a concentration reading. Fluctuations

in lamp inLensity, detector sensitivity and electronic gain

give rise to instrumental noise. Since these fluctuations are

measureu in both beams in the double-beam system they cancel

each other out, producing a more stable, precise signal than

the single-beam instrument. Of practical significance, the

30-minute warmup period required for source lamp stabilization

in the single-beam system is avoided, since fluctuation in

lamp intensity is automatically compensated for with the

double-beam system arrangement.

Data processing stations, readout devices and other

accessories are available for the AAS. Background correction,

pulse-nebulization, peak-area integration arA fast recorders

are useful in the analysis of biological samples. Autosam-

plers enhance analytical precision and free personnel to

perform other laboratory functions (Fig 4). Computerized work

stations allow for the automated collection, processing and

reporting of data; dedicated software packages provide

graphics useful for the development and assessment of new
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analytical procedures and on-line statistical analysis of data

to facilitate quality control.

Flame AS

In flame atomization, the sample solution is drawn by a

venturi effect into a spray chamber and the sample mist is

mixed with a fuel gas (Fig 5). The aerosol then enters the

flame where the analyte is desolvated, dissociated and

atomized in rapid succession. Only the smallest droplets (:50

pm) reach the flame so much of the sample is wasted (-90%).

Two combinations of oxidant-fuel gases are in common use: The

air-acetylene flame (23000 C) will atomize about 35 elements;

refractory elements require the hotter nitrous oxide-acetylene

flame (29000 C). Pulse-nebulization is useful for small

samples (Fig 6). A 20-200 pl aliquot is pipetted into a

teflon funnel attached to the nebulizer capillary tube; the

analyte produces a sharp transient peak that can be quanti-

fied. The advantages of flame AAS over GF AAS are its simple

optimization requirements, convenience, speed and precision.

Disadvantages are the requirement for large sample volumes (3-

5 ml) if pulse-nebulization is not available, inefficient use

of sample, and its relative lack of sensitivity compared to GF

AAS. Because of its advantages, flame AAS should be used

whenever sample size and detection limit (DL) are not limiting

factors.
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Graphite Furnace AAS (Electrothermal AAS)

The graphite furnace's main functional component is a

small, cylindrical graphite tube through which the source beam

passes. The sample is injected through a hole located on the

top of the tube (Fig 7,8). The GF tube is heated by electri-

cal resistance and can attain a temperature of -3000* C. The

GF has two advantages over flame AAS that make it well suited

for the determination of trace elements in biological samples

-- it uses small sample volumes (10-50 Il) and it has much

lower detection limits for most elements (typically 100-1000

times lower than flame AAS). In the GF mode the GF assembly

replaces the burner, and it is controlled by a programmer unit

that regulates the furnace as it goes through its dry, char

(ash), atomize, clean-out, and cool-off stages. As the AAS

cycles through its program the sample solution is desolvated,

the volatile organic and inorganic matrix mater..al is vapor-

ized and swept out of the tube, the analyte is atomized and

its absorbance measured, any remaining analyte or matrix

residue is eliminated, and the water-cooled GF assembly drops

the tube to ambient temperature prior to the introduction of

the next aliquot of sample. The graphite tube is bathed by a

continuous stream of inert gas (usually argon) to prevent its

oxidation at high temperature. The GF has several disadvan-

tages -- a laborious program optimization procedure must be

done for every analyte/matrix combination, marked background

problems must be compensated for (discussed below), severe
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interferences are common, carbide formation can occur, memory

effects and contamination are common, and longer instrumental

times are required (eg, 2-4 min/sample vs 5-10 s/sample for

flame AAS).

Background Interference

The analyte sample normally contains a variety of non-

analyte constituents (eg, ions, molecules) that are released

to the gaseous phase at high temperature. Molecular species,

in particular, may absorb at the analyte's resonance line

and/or scatter the source beam. If not compensated for, this

so-called non-atomic (background) absorption would result in

an elevated absorbance reading and an inaccurate analyte

determination. Three types of background correction systems

(BCS) are available -- the deuterium lamp (continuum) BCS, the

Zeeman BCS, and the Smith-Hieftje BCS; newer instruments have

one or more BCS as a standard feature. Each BCS works on

different principles, but their effect is the same; they

measure non-atomic absorption which is electronically sub-

tracted from the total signal so an accurate analyte absor-

bance is recorded (Fig 9).

Sample Preparation

The amount of sample preparation required for biological

fluids depends on the analyte and its concentration, sample

type and composition, and on the precision and accuracy
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needed. No one procedure is applicable in all cases. Some

metals can be determined directly in blood or urine; others

must be preconcentrated or have at least a portion of the

interfering matrix constituents removed. Many times the

presence of organic material precludes analyte determination

unless it is first destroyed. This is always the case in the

trace metal analysis of tissues and fecal matter. Once the

organic matter is destroyed and the analyte is brought into

solution, the digest may be directly analyzed if the element

of interest is present in sufficiently high concentration. If

not, a preconcentration step may be necessary to eliminate

remaining interferants and to increase analyte concentration

so that a determination can be made.

The risk for sample contamination and analyte loss is

particularly high during the preparatory steps. Potential

sources of contamination are contaminated reagents and dirty

glass/plasticware and laboratory equipment (homogenizers,

grinders, desiccators). Analyte losses may arise through

analyte volatilization at elevated temperature and by analyte

adsorption to the walls of beakers, flasks, test tubes or

other labware.

Destruction of Organic Matter

Decomposition procedures generally fall into two classes,

dry ashing or wet ashing. Sample decomposition procedures

release the analyte from the biological matrix by oxidizing
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organic material to volatile molecules (eg, C02 , H20, N2 )

leaving the analyte in simple inorganic form suitable for

analysis. The destruction method used depends on a number of

factors: Analyte volatility; sample matrix composition; and

the compatibility of the final digest with the AAS or its

suitability for the follow-on sample prepatory step.

Dry ashing is relatively straight forward and simple. An

accurately weighed sample (5-10 g) is placed in a platinum,

silica or porcelain vessel and heated on a hot plate at

moderate temperature until it chars. The vessel and sample

are transferred to a cold muffle furnace and the temperature

is gradually increased to 450-500' C and held there overnight.

If any organic material remains, a small amount of water or

dilute nitric acid is added to the sample and the drying

process repeated. The ash is then dissolved in a dilute acid

solution or other appropriate solvent for introduction to the

AAS. The method can not be used for volatile elements like

arsenic, mercury, zinc or cadmium; partial losses occur with

lead, nickel and thallium. (Note: Many variants of this

procedure can be found in the literature.)

Wet ashing destroys organic matter by exposing it to

strong oxidizing reagents at moderate temperature. The most

commonly used oxidants are concentrated mineral acids (HCl,

H2SO4 and perchloric acid [HCIO4 ]), which may be used indi-

vidually or as acid mixtures. The digestion is done in a

covered beaker or covered Erlenmeyer flask, or preferably in
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a Kjeldahl flask. Tht wet ash procedure described Lelow is

but one of many procedures that can be found in the litera-

ture.

An accurately weighed sample of -5 g is placed in a

vessel and HNO3 (5 ml) is added. The mixture is allowed to

stand at room temperature until the initial vigorous reaction

subsides. H2SO4 (8 ml) is added and the mixture is heated on

hot plate until it darkens. With a pasteur pipette, 1-2 ml

portions of HNO3 are added until the mixture remains pale

yellow in color (avoid charring). After the mixture cools,

HC1O 4 (2 ml) is added and it is gently boiled until the almost

colorless solution gives off white fumes. The mixture is

cooled, H20 (2 ml) is added, and the process is repeated

again. The solution is cooled, H20 (5 ml) is added, and the

solution is quantitatively transferred to a suitable volumet-

ric flask and made to volume.

One should always exercise caution when using hot

concentrated HC10 4. If HC10 4 is heated in the presence of

carbohydrates or alcohols unstable perchlorate esters will

form that can violently and spontaneously explode. Always

perform a preliminary digest with HCI or HN0 3 which will

completely oxidize carbohydrates and alcohols (23).

Wet ashing is generally preferred to dry ashing because

analyte loss due to volatilization and retention on the vessel

wall is less likely. Other destruction methods are available

and are mentioned but not discussed -- the Parr bomb (a
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pressure system), microwave digestion, fusion techniques, and

plasma ashing (free radical generation). Several good sources

for detailed information on destruction techniques are

available (23,24).

Separation and Preconcentration

In trace metal analysis of biological samples it is often

necessary to separate the analyte metal from the sample matrix

in order to reduce interfering substances and/or to suffi-

ciently concentrate the metal so it can be determined by AAS

(Fig 10).

Solvent extraction is a convenient separation technique

because often separation and preconcentration can be accom-

plished in one quick and easy step. A simple batch separation

technique (Fig 11) frequently used in AAS procedures consists

of the following: A volume (say -30 ml) of pH-adjusted

aqueous solution (eg, urine) containing the metal ion (W) of

interest is transferred into a separatory funnel; a complexing

agent (L-) is added, the solution is shaken and a ML complex

forms; a measured volume (say -3 ml) of organic solvent is

added, the two phases are shaken, and the ML complex is

quantitatively extracted into the organic phase; the two

phases are allowed to separate and the aqueous phase is

discarded. The organic phase is directly aspirated into the

flame or injected into the GF. Note that the analyte has been

moved to a less complex solution (ie, many interferants are
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left in the aqueous phase) and the analyte has been concen-

trated 10 fold. An additional 2-5 fold sensitivity enhance-

ment is normally obtained by using an organic solvent in flame

AAS, which is attributable to its improved operating charac-

teristics in the pre-mix burner and flame.

Sometimes batch separations can not concentrate the metal

enough for an AAS determination to be made. More powerful

preconcentration methods must be resorted to, such as multiple

batch separations or continuous separation techniques.

Comprehensive analytical chemistry texts (25, 26) and special-

ized works (27) cover analytical separations in more detail.

Standardization

AAS is a comparative method which, by definition,

requires calibration against known standards in order for

accurate quantitative results to be obtained. In all com-

parative methods there is a mathematical relationship that

expresses the measured physical parameter as a function of

analyte concentration. In AAS, absorbance is the physical

parameter measured.

Spectrophotometric methods obey Beer's Law which states,

in AAS terms, that the intensity of a source lamp resonance

line passing through a mass of absorbing gas decreases

exponentially as the number of ground state analyte atoms
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increases arithmetically. Mathematically:

A = log I,/I = abc

where A is absorbance, I. is incident beam intensity, I is

transmitted beam intensity, a is absorptivity, b is the path

length, and c is analyte concentration. Since a and b are

constants, analyte concentration is linearly related to

absorbance which means that a plot of A vs. c results in a

straight line calibration curve, at least within a limited

concentration range. At higher analyte concentrations the

straight line curves downward towards the concentration axis

due to loss of efficiency in the absorption process (Fig 12).

It should be noted that a perfect linear relationship does not

exist for the data points in the linear region because

indeterminate errors always occur in AAS. The method of least

squares is often used to fit a straight line to the plotted

data points (Fig 13).

In practice, the analyst prepares a blank and a series of

analyte standards and measures their absorbance. Samples of

unknown analyte concentration are similarly measured.

Regression analysis of analyte concentration vs. blank-

corrected absorbances is calculated, from which the analyte

concentration in the samples can be determined. If necessary,

samples are diluted to fall within the concentration range of

the standards.
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AAS standards can be prepared in various ways. The

simplest and fastest method is to prepare aqueous standards

over the concentration range desired. However, aqueous

standards are often unreliable because they do not compensate

for matrix and interelement effects, incomplete recoveries and

sample contamination. It is better to use standards that have

been subjected to the same procedure as the samples.

It is important to match the standard matrix and sample

matrix as closely as possible, since often absorbance readings

are altered by the presence of non-analyte components (eg,

salts, acids, molecules) in the matrix. Matrix matching is

difficult to do with complex samples like biological materi-

als. One method of attempting to overcome this problem is to

calibrate and analyze within the sample matrix itself by using

the standard additions method (SAM). In this procedure an

aliquot of sample is analyzed. Known amounts of standard are

added to separate aliquots of sample and their absorbances are

measured. The increase in absorbance observed is linearly

related to the amount of standard added, and a direct compari-

son is made between the sample absorption and the increased

absorption due to the added standard (Fig 14). This relation-

ship takes the form:

C = A0C3. / (A.-A.)

where C is unknown analyte concentration in the sample; AQ is
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the measured sample absorbance with no standard added; C., is

the total increase in analyte concentration after n additions

of standard has been made; and Ak is the absorbance measured

after n additions of standard. If C., vs. A is plotted, a

linear relationship is seen; A0 is the y-intercept, and C is

found by extrapolating the best fit line back through the x

axis.

The SAM must be used with some precaution. Two or more

standard additions should be used to insure that absorbance

and concentration are linear over the concentration range

used. If chemical interferences are observed, they must be

constant over the concentration range used. The SAM assumes

that the observed absorbance is due only to the analyte being

determined. Effective background correction must be verified

to insure that erroneously high analyte concentrations are not

accepted. A good discussion of SAM calculations and related

statistics has been written by Bader (28).

DETERMINATION OF THALLIUM IN BIOLOGIC MATERIALS BY ASS

AAS procedures for the determination of thallium in

biological materials have gained widespread acceptance in the

clinical laboratory because they are highly specific, sensi-

tive and accurate. Since the flame AAS instrument preceded

the GF AAS in development, the early methods for thallium

determination were naturally designed for the former. Flame
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methods are still applicable in cases of severe acute poison-

ing and in animal toxicological studies, but they do not have

the DLs required to detect chronic thallium exposure (ie,

occupational monitoring) or to monitor the treatment of

thallotoxicosis. The literature has been reviewed by Subrama-

nian (29,30) and Leloux (31).

Flame AAS Methods

Thallium has a DL of 3 ppm in flame AAS (32), so some

type of preconcentration step is necessary in these methods.

Early flame AAS procedures were summarized by Zitko (33) and

Van Ormer (34).

The Wilson and Hausman method (35) detects microgram

quantities of thallium in HNO3/H 202 digested tissue samples

(1-3 g) after neutralizing the digest with NH 3, adding liquid

bromine + HBr and heating to expel the excess bromine, and

extracting TlBr into 2-octanone. The organic phase is

aspirated directly into the flame and absorbance is measured

at 377.6 nm. Thallium recoveries of 98.2 ± 1.76% are ob-

tained.

Berman (36) determined thallium in urine, blood and acid-

digested tissues by chelation with diethyldithiocarbamate

(NDDC) and extraction into methylisobutylketone (MIBK). Prior

to chelation/extraction blood samples are treated with 5%

trichloroacetic acid (TCA) to remove proteins, urine samples

are brought to a pH of 6.0-7.5 with NaOH, and tissue samples
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are digested with HNO3/HClO 4 and then similarly pH-adjusted.

This method has DL of -0.5 ppm at a resonance line of 276.8

nm; 95-110% of added thallium was detected in recovery

studies. The procedure has been adapted for GF AAS (37).

Savoy et al (38) wet-ashed blood, tissues and feces with

a mixture of HSO4 /HNO 3/HClO 4 . Thallium is converted to TlBr,

by addition of bromine water and the metal halide extracted

into diethyl ether which is evaporated to dryness. The

residue is dissolved in a mixture of dilute acid and aspirated

into the flame. DLs of 0.07 ppm (urine) and 0.7 ppm (blood)

are claimed at X=276.8 nm. Nineteen metals/anions were tested

for interference at various concentrations, and 51% change in

absorption by thallium standards was noted. This method is

fairly precise; coefficients of variation (CVs) at different

concentrations ranged from 3.5 to 6.9%. Thallium levels

determined by this method were compared to levels measured by

the Christian-Purdy (39) coulometric method, and a 0.98

correlation coefficient was obtained.

Arguably the most frequently used procedure for thallium

determination in biological samples by flame AAS is that of

Curry et al (40). Tissue and feces are acid digested in a

mixture of H2S0 4 /HNO 3 . The digest's pH is adjusted between

5.0-6.0 with 2.5N NaOH and the thallium is then chelated with

1% NDDC (1 ml) and extracted into water-saturated MIBK (5 ml)

which is then nebulized into the flame. Whole blood (1 ml) is

mixed with 5% TCA (1 ml), shaken for 1 h, then centrifuged.
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The supernatant is transfered to a suitable container and the

precipitate is washed with deionized-distilled water (DI H20)

(5 ml), stirred and centrifuged again. After the supernatants

are combined and the pH is adjusted to 6.0 with 1N NaOH,

chelation and extraction are performed as previously stated.

Urine (2 ml) is adjusted to pH 6.0 by adding either 5% TCA or

2N NaOH. If a precipitate forms, the mixture is centrifuged

and the supernatant transferred to a separate container. The

precipitate is washed with DI H20 (5 ml), stirred and centri-

fuged. The supernatants are combined and the pH readjusted to

6.0. Chelation and extraction with NDDC and MIBK (2 ml) are

performed as above and the organic phase is aspirated into the

flame. A DL of 0.04 ppm for MIBK-extracted thallium is

obtained vs a DL of 0.2 ppm in aqueous solution. The improved

sensitivity is attributed to an increased sample aspiration

rate, the formation of smaller sized droplets, and lower flame

temperature (decreased analyte ionization). Good thallium

recoveries (95-105%) were achieved and the reasonably low CVs

obtained (3.5-8.5) indicate the procedure is fairly precise.

A modification of this procedure using a tantalum boat

decreases DLs to the ppb range, but severe interferences occur

which necessitates standardization by SAM.

Wall (41) developed a rapid procedure with sufficient

sensitivity for screening urine in cases of suspected thal-

lotoxicosis. Urine samples and aqueous standards are aspi-

rated directly into a 3-slot Boling burner using an air/
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acetylene flame. A DL is not reported but -0.1 ppm at the

276.8 nm resonance line can be inferred. CVs of q3% were

reported for urine samples spiked with 0.5, 1.0 and 5.0 ppm

thallium. The possiblity of matrix interference in urine was

investigated but none was found when samples were aspirated

directly into the air/acetylene flame.

Graphite Furnace AAS Methods

GF AAS is approximately 100 times more sensitive than

standard flame methods for the determination of thallium in

biological materials. Until recently, enhanced performance

came with a penalty in the form of severe matrix interferences

and relatively poor precision compared to flame AAS. This was

particularly true for matrices high in chloride (Cl) content,

like urine. However, the development of commercial GF AAS

instruments incorporating Stabilized Temperature Platform

Furnace (STPF) (L'vov platform, Zeeman background correction,

signal integration, stop-gas during atomization, maximum power

heating and matrix modification) (42) technology and powerful

data processing stations has gone a long way towards making GF

AAS an interference-free technique (30).

Early GF AAS methods for thallium determination used

chelation and extraction steps to overcome matrix interfer-

ences. Kubasik and Volsin (43) found direct injection of

acidified (HN0 3) urine unsatisfactory because background

interference could not be reduced to correctable levels using
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the deuterium BCS without seriously compromising senr4.tivity.

NDDC and MIBK were used to transfer thallium into a relatively

matrix-free environment, but SAM was required for accurate

calibration. A sensitivity of 1.5 ppb was achieved using 1.6

gl samples. By using essentially the same method and 20 il

samples, Schaller et al (44) improved the sensitivity to 0.3

ppb.

Chandler and Scott (45) reduced urine matrix interference

by using NDDC/toluene to separate thallium after adjusting the

aqueous phase to pH 7. The mixed phases form an emulsion that

require centrifugation to separate. Calibration is accom-

plished by using thallium-spiked pooled urine. By using an

autosampler to deliver 40 gl samples to a the graphite tube,

they achieved good sensitivity (0.1 ppb DL) and excellent

precision (3.5% within-batch RSD and 4.4% between-batch RSD).

The investigators compared the performance of a standard

(uncoated) graphite tube, a pyrolytically coated graphite

tube, a L'vov platform in an uncoated graphite tube, and an

uncoated graphite tube having an interlay of tantalum foil.

The foil-lined tube performed best, enhancing absorbance by a

factor of 2, but the tantalum survived only a few firings.

Atomization oft the wall (uncoated tube) and off the platform

(L'vov platform uncoated tube) performed equally well.

Interestingly, the uncoated graphite tube performed much

better than the pyrolytically coated graphite tube.

Grobenski et al (46) used STPF technology to develop a
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direct thallium determination method for the GF AAS. Urine is

diluted with 2% HN0 3 and a 10 gi aliquot is injected into the

GF. The autosampler then delivers a 10 gi portion of matrix

modifier solution composed of 2% ammonium dihydrogen phosphate

(HN 4H2 PO4 ) and 0.02% Triton X-100. The modifier stabilizes

thallium and allows a char temperature of 7000 C, which

removes many interfering matrix consituents thus reducing

background absorption to acceptable levels. The authors claim

a DL of 0.13 ppb using a 10 g1 sample. Pachel and Bailey (47)

used a similar approach, but with a matrix modifier solution

composed of 4% HNO 3, 10% magnesium nitrate [Mg(N0 3 ) 2] and 0.1%

Triton X-100. Urine is diluted 1+1 with the modifier by

sequential autosampler injections into the L'vov platform

graphite tube. Zeeman background correction is required and

matrix matched standards are used for standardization.

Leloux et al (48) developed a direct thallium determi-

nation method for urine, blood and feces which was applied in

a study of thallotoxicosis in rats. Urine and blood are

injected directly into the L'vov platform graphite tube;

tissue and fecal samples are dissolved in concentrated HNOI at

60-70' C and their supernatants used for the analysis. A

matrix modifier solution composed of 1% H2 S0 4 , 2% ascorbic acid

and 2% Triton X-100 is used to reduce chloride interference

and to increase the absorbance signal. The temperature

program paramenters used were dry-l 1200 C (10 s), dry-2 2500

C (20 s), char 8000 C (62 s), atomize 18000 C (4.6 s), and
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clean-out 26000 C (2 s). DLs of 5 ppb for urine, tissues and

feces and 10 ppb for blood are achieved using 4 gl samples +

2 gl modifier. SAM is required for calibration. The authors

note that ash buildup in the graphite tube becomes problamatic

when blood samples are analyzed which causes memory effects,

diminished sensitivity and reduced precision. The authors

recommend cleaning the graphite tube periodically by scraping

off deposits with a disposable pipet tip. Delves and Shuttler

(49) expressed concern over the use of only one standard

addition for calibration and suggested that ascorbic acid may

contribute to the build-up or residue.

Welz et al (50,51) demonstrated that Cl interferes with

the GF determination of thallium in two ways -- the metal can

prematurely volatilize as TIC1 (mp 4300 C; bp 7200 C (52))

during the char stage of the temperature program and thallium

can combine with Cl- to form T1Cl instead of elemental

thallium (TI°) during atomization stage. These researchers

used the metal palladium [as Pd(N03 )2 1 pre-treated in the GF

at 10000 C and 5% hydrogen as chemical modifiers. Palladium

works by thermally stabilizing thallium, thereby allowing

higher char temperatures which increase the volatilization of

ClI species. The presence of H2 in the purge gas enhances the

elimination of Cl- by promoting the formation of volatile HCl.

In this method the modifier (10 gl) and undiluted urine (10

il) are sequentially injected into the GF; more easily

prepared acid-matched aqueous standards are used for calibra-
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tion since the modifier eliminates all Cl" interference. With

its 2 ppb DL and its apparent freedom from interference, this

method appears quite promising for the routine analysis of

thallium in the clinical laboratory.

CONCLUSIONS

Thallium is one of the most toxic heavy metals to which

animals and humans are exposed. Acute exposure to high levels

of thallium produces a complex array of symptoms involving the

peripheral and central nervous systems, GI system, cardiovas-

cular system, kidney and skin. The health risk of low-level

chronic exposure to humans and animals is not well understood

and warrants further investigation. The need for research in

this area is underscored by the continued development of new

technologies and production processes that use thallium and by

periodic reports in the literature of human and animal

exposures to the metal (53).

The molecular basis for thallium's toxicity has been

largely ascribed to its ability to interfere with K*-based

processes (12). However, there is a growing body of experi-

mental evidence suggesting that other factors may be involved,

such as thallium-mediated neurochemical changes (in amino acid

and neurotransmitter levels) in the central nervous system

(54) and thallium-mediated induction of lipid peroxidation in

certain tissues (55). Work directed towards identifying and
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characterizing the molecular targets of thallium toxicity

should continue.

The dire effects of thallium toxicity were first docu-

mented shortly after the element's discovery. Yet, to this

date, there remains to be discovered a safe and effective

parenteral antidote for thallotoxicosis. More effort should

be focused on chelator development and on the clinical

evaluation of possible chelator combinations.

Over the past two decades AAS has become the dominant

analytical tool for the quantification of thallium levels in

biological materials. Acute toxic exposure to thallium can be

quickly and easily assessed by flame AAS. Reliable methods

are available for the detection of thallium at ppb levels

using the GF AAS. The development of direct methods for the

determination of thallium (and other metals) that exploit the

advantages of Stabilized Temperature Platform Furnace (STPF)

technology will undoubtedly improve the clinical laboratory's

efficiency and responsiveness to the clinician. The continued

development of chemical modifiers is key in this regard.
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TABLE 1. THALLIUM CONTENT (ppm) OF CRUSTAL MATERIAL.
Adapted from Fergusson JE (3).

IGNEOUS (mean) GRANITE (mean) OTHER

Basalt 0.08 Shale 1.2 Mn nodules 100
Granite 1.1 Limestone 0.14 Phosphate <0.03-1

Sandstone 0.36 Coal 0.01-2
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TABLE 2. SYMPTOMS SEEN IN ACUTE THALLOTOXICOSIS

SYSTEM EARLY EFFECTS LATE EFFECTS

Gastro- constipation
intestinal loss of appetite

nausea & vomiting abdominal pain
"brick red* mucous

membranes (dog/cat) &
tip of tongue (man)

Nervous hyperesthesia of soles hypoesthesia
of feet

hyperreflexia areflexia (10-15 d)
excessive thirst inability to walk
sleeplessness
psychoses, hallucina-
tions, dementia

convulsions, coma

Cardio- tachycardia
vascular moderate increase in

blood pressure
arrhythmias

Renal albuminuria
occassionally RBCs, WBCs
and casts in urine

Skin anhydrosis; dry scaly alopecia (10-20 d)
skin; acne

black pigmentation of semilunar white
hair roots stripes on nails

(Mee's lines)
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TABLE 3. SYMPTOMS OF SUBACUTE AND CHRONIC THALLOTOXICOSIS

SYSTEM SYMPTOMS

Gastro- Nausea/vomiting; anorexia; weight loss;
intestinal stomatitis

Nervous Paresthesia to definite peripheral polyneuri-
tis (particulary of the lower extremities);
ataxia; muscle/joint pain; aptosis;
strabismis; facial palsy; mydriasis;
psychotic signs (permanent neurological
and psychiatric disturbances may occur)

Cardio- tachycardia, transient EKG changes;

vascular arrhythimias

Renal albuminuria

Skin delayed alopecia (weeks or months)
black pigmentation of hair roots
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CAPTIONS

Figure 1. Atomic absorption spectroscopy (AAS) is an ana-

lytical technique for quantifying metal (analyte) concentra-

tions in biologic samples, based on the absorption of radia-

tion by free atoms of the analyte of interest. The atomizer

heats the sample to create population of free atoms (atomic

vapor). The light source emits the spectrum of the analyte of

interest. The light beam contains a resonance line (XA) of

intensity (I), that is partially absorbed by free analyte

atoms in sample cell (atomizer) to produce a transmitted light

beam of intensity (I). A monochromator and a narrow slit-

width (bandpass-2 nm) isolate X, from other emitted spectral

lines (X ). The detector measures radiation intensity, which

is converted to an absorbance signal that is proportionate to

the analyte concentration in the sample, A = log (I,/I) = k C.

Figure 2. All absorption spectrometers have components that

fulfill 3 basic requirements. There must be a light source,

a sample cell and a means of specific light measurement. A

graphite furnace replaces the flame burner assembly in

electrothermal AAS. (From 56, with permission.)

Figure 3. Optical paths for the single beam (top) and double-

beam (bottom) systems. (From 56, with permission.)
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Figure 4. The Perkin-Elmer AS-3 autosampler. (From 56, with

permission.)

Figure 5. Schematic of a pre-mix burner. (From 57, with

permission.)

Figure 6. Pulse-nebulization technique. Small sample volumes

are injected into a teflon funnel. (From 57, with permis-

sion.)

Figure 7. Graphite furnace tube with L'vov platform.

Figure 8. Cross section of the Perkin-Elmer graphite furnace.

Inert gas is introduced at both ends of t •e graphite tube to

prevent thermal oxidation of the tube and oxide formation of

the free analyte atoms. (From 56, with permission.)

Figure 9. The background correction system uses a continuum

source (deuterium lamp) to measure non-atomic absorption (BG),

which is subtracted from the combined atomic and non-atomic

absorption signal (AA+BG) of the primary source to produce a

readout that indicates true atomic absorption (AA= [AA+BG] -BG).

(From 56, with permission.)

102



Figure 10. Extraction of a chelated metal ion into the

organic phase. It is assumed that M1+ is the predominant form

of the metal in aqueous solution and that ML, is the predomi-

nant form in the organic phase.

Figure 11. Apparatus used in batch extraction. A = Separatory

funnel, B = Centrifuge tube. (From 27, with permission.)

Figure 12. AAS calibration curve. At higher concentrations,

the calibration curve departs from linearity. The most

accurate measurements are those falling in the center of the

linear portion of the calibration curve, whereas the least

accurate measurements are those obtained from the upper part

of the curve.

Figure 13. AAS calibration curve. Analyte standards falling

in the linear region of the calibration curve are fitted with

a calibration line by linear regression. The analyte concen-

tration in the sample is found by rearranging the linear

regression equation and solving for x = [y-b)/m =

[y-0.0009]/0.9997.

Figure 14. Calibration by the standard addition method is

used for analyte determinations in complex matrices displaying

unpredictable degrees of interference.
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CHAPTER 3

A STUDY OF THE ANTIDOTAL EFFICACY OF

2,3-DIMERCAPTO-1-PROPANESULFONIC ACID AND PRUSSIAN BLUE IN

THE TREATMENT OF ACUTE THALLOTOXICOSIS IN RATS

James P. Mulkey and Frederick W. Oehme

Comparative Toxicology Laboratories

Kansas State University

Manhattan, KS 66506

(913) 532-4334

(Fundam Appl Toxicol, submitted for publication)
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ABSTRACT

A Study of the Antidotal Efficacy of 2,3-Dimercapto-l-

propanesulfonic Acid and Prussian Blue in the Treatment of

Acute Thallotoxicosis in Rats. Mulkey, J.P. and Oehme,

F.W.(1993). Fundam. Appl. 'oxicol. ,

Thallium (Ti) is a highly toxic cumulative poison in

animals and man. Unithiol (2,3-dimercapto-l-propanesulfonic

acid, DMPS) and prussian blue (potassium ferric hexacyano-

ferrate(II), PB), given alone and in combination, were

evaluated as antidotes in the treatment of acute thallotoxi-

cosis in male Sprauge-Dawley rats. Animals were poisoned with

equivalent doses of 20 mg Tl/kg BW po on day 0, using thallous

sulfate. On day 1 (24 h later), antidotal treatments began

and were continued through day 4 as follows: 50 mg PB/kg BW

po, 2/d; 5 mg DMPS/kg BW ip, 6/d (day 1), 4/d (day 2), 2/d

(days 3-4); or their combination. Animals were sacrificed by

ip injection of sodium phenobarbital 24 h after the last

antidotal treatment (day 5) and tissue samples collected.

Thallium concentrations in kidney, liver, heart, brain, whole

blood and feces were determined by electrothermal atomic

absorption spectroscopy. The relative accumulation of Ti in

organs was kidney>>heart>liver=brain. PB induced significant

decorporation of Tl from all tissues. DMPS failed to signifi-

cantly decrease the Tl content in any organ, but significantly
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decreased the Ti content in whole blood. PB+DMPS treatment

significantly decreased the Ti content in all organs, but to

no greater extent than PB alone. PB and PB÷DMPS treatments

significantly increased the T1 content of feces, whereas DMPS

treatment alone produced little effect. This study indicates

that PB is a beneficial antidote in the treatment of acute

thallotoxicosis in rats. The failure of DMPS to significantly

decrease the Ti content in 4 target organs suggests it would

not be useful in the treatment of Ti poisoning.
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KEYWORDS: Thallium; poison; antidote; chelator; rat; prussian

blue; potassium ferric hexacyanoferrate(II); Unithiol; 2,3-

dimercapto-1-propanesulfonic acid.
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INTRODUCTION

Thallium (Ti) is one of the most toxic heavy metals to

animals (LDsO -30 mg/kg, rat) and humans (LD50 8-12 mg/kg)

(Downs et al., 1960; Smith and Carson, 1977; Goyer, 1991).

Its continued use as a rodenticide in many developing coun-

tries accounts for the number of accidental and intentional

poisonings reported (Ben-Assa, 1982; Hakala, 1984; Zhou and

Lin, 1985; Pai, 1987; Rangel-Guerra et al., 1990). Thallium's

unique physico-chemical prcperties have spurred its increasing

use in an expanding number of new technologies such as high-

temperature ceramic superconductor materials (Wahlbeck et al.,

1991; Betz et al., 1992), thus underscoring concern about

exposure risk to animals and humans (Sabbioni et al., 1984;

Hapke, 1990).

Water-soluble T1 salts are rapidly and completely

absorbed from the respiratory and gastrointestinal (GI)

systems or skin, and are widely distributed to organs and

tissues, including the brain, heart, kidney, skeletal muscle

and testis, Tl's principal target organs (Sabbioni et al.,

1980). Because T1 and potassium cations (K') share the same

charge and similar ionic radii, Tl" follows K÷ distribution

pathways and alters a number of K-dependent processes (Gehring

and Hammond, 1967). Free plasma Tl' rapidly moves to the

intracellular compartment, as indicated by its short half-life

in blood (t%=196 min) and large apparent volumes of distribu-

108



tion (Vby), i.e., 20 L/kg for plasma and 5-6 L/kg for whole

blood (Rauws, 1974; Lameijer and van Zwieten, 1977). The

metal is only slowly excreted in feces, urine, hair and

secretory products of humans and animals; therefore it is

considered a cumulative poison. Possible toxic mechanisms of

T1 include ligand formation with protein sulfhydryl (-SH)

groups, inhibition of cellular respiration, interaction with

riboflavin and riboflavin-based cofactors, and disruption of

calcium homeostasis (Mulkey and Oehme, 1993a). The principal

clinical features of thallotoxicosis are gastroenteritis,

peripheral neuropathy and alopecia. The toxicity of T1 has

been the subject of several reviews (Oehme, 1972; Saddique and

Peterson, 1983; Manzo and Sabbioni, 1988; Mulkey and Oehme,

1993a).

The treatment objective in TI poisoning is to enhance the

metal's elimination without promoting redistribution to target

organs, particularly the brain. To chis end, the therapeutic

efficacy of different heavy metal chelators has been investi-

gated in attempts to find an effective antidote for thallotox-

icosis. T1÷ is categorized as a soft acid under Pearson's

(1968) Hard-Soft-Acid-Base (HSAB) system, and as such tends to

form stable metal-ligand (ML) complexes with soft bases such

as -SH containing compounds. Thus the ineffectiveness of

polyaminocarboxylic acids (e.g., ethylenediaminetetraacetic

acid and diethylenetriaminepentaacetic acid) in the treatment

of T1 poisoning is not surprising, since these compounds are
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considered hard bases (Catsch and Harmuth-Hoene, 1979).

Dithiocarb (sodium diethyldithiocarbamate) forms a stable

lipophilic complex with T1÷ in vitro, but was found to

increase brain T1 concentration (Kamerbeek et al., 1971).

Lund (1956) found dithizone (diphenyldithiocarbazone) formed

a stable ML complex with T1÷, thereby increasing the metal's

urinary elimination in laboratory animals. But in human

trials dithizone produced equivocal results (Chamberlain et

al., 1958), and other studies showed it to be diabetogenic and

goitrogenic (Kadota and Midorikawa, 1951; Jensen and Kjersulf-

Jensen, 1945). Other sulfur-containing compounds, dimercaprol

(British anti-Lewisite, BAL), D-penicillamine (PA), and

cysteine yielded negative or equivocal results (Catsch and

Harmuth-Hoene, 1979).

Potassium (as KCl) enhances urinary excretion of T1

(Gehring and Hammond, 1967; Chamerlain et al., 1958), possibly

by displacing T1 from intracellular storage sites; but by

raising serum TI levels, K÷ also increases the risk of Ti

redistribution to target organs (Nogu6 et al., 1982-1983).

The most effective T1 chelator yet discovered is the

inorganic dye, prussian blue (potassium ferric hexacyano-

ferrate(II), PB) (Stevens et al., 1974). Given orally, this

non-absorbable compound adsorbs T1÷ within its crystal

lattice, thereby interrupting the toxic metal's enterohepatic

circulation (Rauws, 1974). Found to be essentially non-toxic

(Heydlauf, 1969), PB greatly enhances the fecal elimination of

110



TI (Thompson, 1981; Lehman and Favari, 1984).

The use of 2 or more antidotes, each using different

modes of action to remove toxic metals, has been recognized as

a useful therapeutic approach for several years. This so-

called synergistic chelate therapy has produced positive

results in a number of heavy metal toxicities (Jones, 1983).

Recently, Rios and Monroy-Noyola (1992) demonstrated that the

combined use of PA and PB in rats provided significantly

greater protection against TI poisoning than PA or PB alone,

and suggested that a synergistic interaction between the 2

antidotes may be operative. This finding is surprising

because PA is known to promote T1 redistribution to the brain.

Additionally, it raises the possibility of finding therapeutic

roles for compounds presently considered ineffective when used

singly by employing them in synergistic chelate therapy

regimens to combat metal toxicity.

The therapeutic effectiveness of the heavy-metal chelator

Unithiol (2,3-dimercapto-l-propanesulfonic acid, DMPS), a

water-soluble analog of BAL, has been appreciated for more

than 30 years in Russia, China and Japan. Compared to BAL,

DMPS is chemically stable, much less toxic (LD50 5.02 mmol/kg

vs. 0.72 imnol/kg BAL [ip,micej), and can be given orally

(Aaseth, 1983). In Russia DMPS is the antidote of choice for

inorganic mercury poisoning. Thallium and inorganic mercury

compounds (i.e., mercuric chloride, HgCl 2) share similar

distribution patterns and target organs in mamials (Aaseth,
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1983; Aposhian, 1983) and possess similar physico-chemical

properties, as is expected of neighboring elements in the

periodic table. Although the therapeutic effectiveness of

DMPS has been reported for a number of heavy metals (Aposhian,

1983), ircluding the HSAB soft-acid cations Hg" and silver

(Ag÷), we are unaware of any reports concerning the use of

DMPS for T1 poisoning.

This study was designed to compare the antidotal efficacy

of DMPS to the well-characterized efficacy of PB in acute Ti

exposure, and to compare the efficacy of the combined use of

DMPS and PB to the single use of these heavy metal antidotes.

MTERIALS AND METHODS

Protocol

A total of 51 male Sprauge-Dawley rats weighing 200-250

g were acclimated for 5 d in the Animal Resource Facility

(ARF), Kansas State University, Manhattan, KS. They were

housed in a room maintained at a temperature between 22 and 24

0C with a light:dark cycle of 12 h and were fed ARF 3 Lab Chow

(Kansas State University Feed Processing Center, Manhattan,

KS) and.tap water ad libitum before and during the study. The

animals were randomly assigned to 6 different treatment (T) or

non-treatment (NT) groups, fasted for 12 h prior to intoxica-

tion, and then dosed by gavage with 24.70 mg T12SO4 /kg BW (20

mg Tl/kg BW) (Fisher Scientific, St. Louis, MO; Lot T-89
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784912; FW 504.8) dissolved in deionized-distilled water

(DDW).

The rats were allocated to the 6 different groups as

follows: 30 animals were placed into 3 T groups (received

antidote) of 10 animals each; 21 animals were assigned into 3

NT (received no antidote) groups of 7 animals each. A

separate group of 18 rats served as negative controls,

receiving no T1 nor antidotal treatment. The PB treatment

group (T,,) animals received 50 mg PB/kg BW suspended in 1%

Tween-80 (-0.7 ml), twice daily. The DMPS treatment group

(Tmps) rats received 5 mg DMPS/kg BW dissolved in DDW ip (-0.5

ml) 6 times daily on day 1, 4 times daily on day 2, and twice

daily on days 3-4. The PB+DMPS treatment group (Tp.•ps)

animals received both antidotes in the same doses and by the

same routes described above. The 3 NT groups (NTPB, NTnmps,

NTWp...) were given the same volume of suspending vehicle as

their T-group counterparts (1% Tween-80, DDW and Tween-80+DDW,

respectively). Antidotal treatment began 24 h after dosing

with T1 and was maintained for 4 d (Table 1). Body weights

were taken daily. The rats were closely monitored for adverse

affects after TI administration and during antidotal treat-

ment.

Sample Collection

The rats were sacrificed by a lethal ip injection of 0.5

ml sodium phenobarbital (Anthony Products, Arcadia, CA; lot
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9104) 24 h after the last antidotal treatment (day 5). Blood

samples were collected by intracardial puncture using 10 ml

plastic syringes and 12-gauge stainless-steel needles, and

transferred into heparinized (Elkin-Sinn, Cherry Hill, NJ; lot

101013) 20 ml pyrex test tubes. Brain, liver and kidneys were

removed, weighed and stored individually in plastic specimen

bags. Fecal samples (pellets) were removed from the large

intestine, weighed and then stored in specimen bags. Sample

collection required -10 min/animal and samples were stored at

-20 0C until analyzed.

Thallium Analysis

Thallium concentrations in samples were determined by

electrothermal atomic absorption spectrometry (ET-AAS)

(Perkin-Elmer Model 306 AAS equipped with a GF 2200 graphite

furnace) using the Curry et al. (1969) procedure as modified

by us. Tissue and fecal samples were wet ashed with 1 ml

concentrated H2SO4 (Fisher trace metal grade, St. Louis, MO)

and 3 ml concentrated HNO3 (Fisher trace metal grade, St.

Louis, MO) on a Corning hotplate at 701C. The sample digests

were taken to a residual volume of -1 ml and quantitatively

transferred to acid-washed 50 ml polypropylene centrifuge

tubes, then adjusted to pH 6.0 ± 0.1 with 6N NaOH (Fisher

trace metal grade, St. Louis, MO). Freshly prepared 2% (w/v)

sodium diethyldithiocarbamic acid (NDDC) (I ml) was added and

the mixture shaken by hand for 2 min to allow chelate complex
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formation. Water-saturated methylisobutylketone (MIBK)

(Fisher, St. Louis, MO) (1-5 ml) was added and the mixture

shaken by hand for 3 min to extract the Tl-NDDC chelate

complex into the organic phase. The samples were then

centrifuged at 2500 rpm for 10 min to facilitate separation of

the 2 immiscible phases. Aliquots of the upper organic phase

(15 11) were manually pipetted into the graphite furnace and

peak heights recorded by a Perkin-Elmer Model 56 recorder.

Blood samples were pretreated with an equal volume of 5% (w/v)

trichloroacetic acid (TCA) (Fisher, St. Louis, MO) and shaken

for 1 h to precipitate proteins. The mixture was centrifuged

at 2500 rpm for 10 min and the supernatant transferred to a

clean polypropylene centrifuge tube. The supernatant was then

pH-adjusted, chelated with NDDC, extracted with MIBK, and

analyzed as above. Standards were prepared in an identical

manner using Tl-free rat tissues, feces and blood spiked with

known amounts of the metal. All glass and plasticware were

soaked for 24 h in a 20% (v/v) HCl bath, then soaked for 24 h

in a 20% (v/v) HNO3 bath, and thoroughly rinsed with DDW and

air-dried prior to use. The safety precautions required for

acid-digestion of biologic materials has been presented

elsewhere (Mulkey and Oehme, 1993b).

The accuracy of the method was assessed by recovery

studies. A series of 5 liver and 5 blood samples were spiked

with 0.5, 1.0 or 10.0 gg TI using a Ti nitrate standard (SPEX

Industries, Edison, NJ) and then analyzed using the procedure
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described above. Recoveries ranged from 96 to 101% for the

liver samples and from 95 to 103% for the blood samples. The

precision of the method, expressed as the coefficient of

variation for liver and blood samples spiked with 1.0 gg Tl,

was 12 and 14%, respectively.

Statistical Analysis

The experimental unit in this study was the individual

rat. A statistical software package, SAS version 6.03, was

used for data analysis (SAS Institute, Inc., 1988). Body

weight, weight gain, organ weight/body weight (OW/BW) ratio,

and T1 content data for each experimental group were examined

for homogeneity of variance using Barlett's test and then

compared by analysis of variance techniques (Gad and Weill,

1986) using SAS PROC GLM. Groups showing significant differ-

ences were further evaluated by multiple comparison testing

using the Tukey-Kramer procedure (all data) or Duncan's

multiple range test (weight gain and OW/BW ratio data only)

(Ott, 1988). Survival rates for different groups were tested

by the nxc chi-square test using SAS PROC FREQ and no signifi-

cant differences were found. The 0.05 level of probability

was used as the criterion of significance. Data are expressed

as the mean ± standard error (x ± SE) unless otherwise

indicated.
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RESULTS

The 3 NT groups displayed overt signs of toxicity after

being dosed with the equivalent of 20 mg Ti/kg BW po, as

evidenced by a marked decrease in weight gain after exposure

to the metal (Fig. 1). The Tp, group had only slightly

greater weight gain than the NT~p. group. Both the Tp. and

Tp..,,s groups had much better weight gain after T1 intoxication

than their respective untreated control groups. The post-

exposure weight-gain rates of the Tp. and TPB÷IPS groups were

only moderately reduced (97 and 83%, respectively) compared to

their pre-exposure weight-gain rates. Clinical manifestations

of acute Ti toxicity in NT group animals included diarrhea,

slight tremor and gross hair loss upon handling (days 4-5),

whereas no such effects were observed in T group animals,

except for diarrhea and tremor in 2 NTmps animals. NT. and

NT~p, had 1 mortality each and NTmvmps had 2 mortalities

(n=7/gp) in contrast to the 3 T groups (n=10/gp) which had no

deaths (Fig. 2).

Organ Weight/Body Weight Ratios

Organ weight/body weight (OW/BW) ratio data showed slight

differences between T and NT groups with the exception of the

T•,s group, which had significantly lower liver and kidney

OW/BW ratios than its corresponding NT group (p6O.05) (Fig.

3).
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Thallium Content - Body Organs

The T1 content of selected body organs 5 d after Ti

exposure is depicted in Fig. 4. We observed significant

differences in the organ distribution pattern of Ti. The

relative accumulation of T1 in body organs was kidney>>

heart>1 iver-brain, with kidney accumulation of T1 signifi-

cantly greater (p50.01) than in other organs. The pattern of

T1 deposition observed in this work and the T1 concentrations

in blood and feces (discussed below) are in agreement with

findings in previous studies (Thyresson, 1951; Sabbioni et

al., 1980; Manzo et al., 1983; Rios et al., 1989; Mulkey and

Oehme, 1993c).

The T., group had significantly lower (30-50% of NTpB

group) T1 content in all organs compared to the NTp. group

(p50.05, brain, liver, heart; p50.01, kidney). The TpB.,ps

group had significantly reduced (30-47% of NTPB.IDPS group) Ti

content than the NTpB.Dmps group (p50.05, brain, liver, heart;

p50.01, kidney). In the TPB and TpB÷Dps groups, more than a 3-

fold reduction in brain (critical target organ) Ti levels

occurred compared to the NTp. and NTpD.•ps groups; in contrast

to the T... group, where only a minor decrease in Ti levels

were noted.

Thallium Content - Blood and Feces

Fig. 5 shows the Ti content of whole blood and feces

obtained at necropsy. The Tp. group had a significantly lower

118



(15% of NTp, group) TI concentration in blood compared to the

NTPB group (p:0.05). The TDs and T..÷.ps groups had highly

significant decreases (5 and 3% of NTmps and NTpB.Dps groups,

respectively) in blood TI concentrations compared to the

NT 5ps and NTp,÷•,s groups (pý00.01). The TpB and TpB÷•,s groups had

2.2-fold and 2.0-fold greater fecal Ti content compared to

their respective control groups (p•0.05 and p50.01, respec-

tively). The difference between T•,s and NT'ps group fecal Ti

content was negligible.

DISCUSSION

As evidenced by demonstrable clinical effects and as seen

in Fig. 2, the Ti dosage used in this study was high enough to

cause acute toxicity in NT group animals. At least 1 rat died

in each NT group. As expected, the PB-treated animals were

protected from the effects of Ti. None of the DMPS-treated

animals died or showed signs of acute toxicity, despite

accumulating substantial concentrations of T1 in several

critical organs (Fig. 4). A possible explanation for this

observation is that DMPS provided a protective effect against

T1 poisoning by some undetermined mechanism (e.g., in situ

inhibition of TI's biologic activity) not measurable in terms

of organ Ti content. Drawing such a conclusion, however, must

be viewed with considerable skepticism. A more reasonable

explanation for the lack of deaths in the Tp. group is that
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the sample size of this group (n=10) was not large enough to

detect the low incidence of lethal effect.

This study clearly shows that PB is an effective antidote

in the treatment of thallotoxicosis. Prussian blue interrupts

the enterohepatic circulation of Ti by adsorbing the metal ion

within its crystal lattice (Rauws, 1974; Lehmann and Favari,

1984), but the extent to which this occurs in vivo is not well

known. Treatment with PB probably resulted in the enteral

dialysis of TI÷; its reabsorption from the GI tract was

blocked by adsorption to the complex cyanoferrate clathrate

(DvorAk, 1969). Thus, fecal Tl÷ levels were significantly

raised and tissue T1 levels were markedly reduced. The ion-

exchange action of PB probably played the principal role in

protecting the Tp÷.,s group animals from acute Tl toxicity.

Deductively, DMPS would be expected to decrease the body

burden of TI in vivo. The stability constant for the Tl-DMPS

chelate complex is 1.43x1017 (Martell and Smith, 1982).

Moreover, DMPS has been shown effective in enhancing the

decorporation of other HSAB soft-acid metal ions, Ag÷ and Hg2 ÷

(Gabard, 1976; Aaseth, 1983). The observation that DMPS

enhances the biliary excretion of 2°3Hg2 ÷ (Cikrt and Tichy,

1980) provides a mechanistic basis for presuming that DMPS and

PB would interact cooperatively to reduce Tl levels in acutely

intoxicated rats. However, this was not the case. DMPS

alone only marginally reduced organ Ti levels in the T group

compared to its NT-group counterpart. Joint administration of
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PB and DMPS likewise produced unremarkable results. The

distribution of DMPS, a hydrophilic compound, is largely

confined to the extracellular space (Catsch and Harmuth-Hoene,

1976; Gabard, 1978). DMPS's ineffectiveness in the treatment

thallium toxicity may be due to its inability to access

intracellular T1 deposits.

PB enhanced fecal elimination of TI, but DMPS only

marginally increased fecal Ti elimination. The reduced fecal

T1 level observed in the Tps.•ps group was likely due to

enhanced urinary elimination of the metal, but this hypothesis

was not proven in our study.

PB and DMPS significantly reduced the Tl concentration in

whole blood. In blood, the PB+DMPS combination appeared to

have had some cooperative effect in that Ti levels were

reduced 5- and 1.6-fold compared to administration of the

single antidotes.

Examination of OW/BW ratio data (Fig. 3) suggests that

the Tp. group experienced hepatic and renal toxicity. This

effect was not observed in the TpB÷Dps group. DMPS has been

reported non-toxic at the dose (5 mg DMPS/kg BW ip) used in

this study (Planas-Bohne et al., 1980; Aposhian, 1983). The

change in OW/BW ratios in these organs are likely due to

increased Ti levels caused by mobilization of plasma Ti to

kidney and liver as a Tl-DMPS complex, rather than to intrin-

sic toxicity of the chelator itself.

This study has shown that PB is an effective antidote for
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acute Ti toxicicy in rats, as evidenced by its ability to

reduce T1 levels in 4 target organs -- kidney, liver, heart

and brain. In contrast, the sole administration of DMPS

failed to mobilize Ti in any organ. The combined use of

PB+DMPS produced no significant changes in T1 levels in target

organs compared to the use of PB alone. The chelator combina-

tion significantly reduced T1 concentrations in whole blood.

Based on our findings and the reports of others (Lund, 1956;

Heydlauf, 1969; Thompson, 1981; Rios and Monroy-Noyola, 1992),

PB should continue to be considered the antidote of choice for

treating acute thallium poisoning. The inability of DMPS to

reduce TI levels in target organs, when given singly or in

combination with PB, suggests it is of little benefit in the

treatment of thallotoxicosis.

122



REFERENCES

Aaseth, J.(1983). Recent advances in the therapy of metal

poisonings with chelating agents. Human Toxicol. 2,257-

272.

Aposhian, H.V.(1983). DMSA and DMPS - water soluble

antidotes for heavy metal poisoning. Ann. Rev. Pharmacol.

Toxicol. 23,193-215.

Ben-Assa, B.(1982). Indirect thallium poisoning in a Bedouin

family. Harefuah 62,378-380.

Betz, J., Piehler, A., Pechen, E.V.(1992). In situ prepara-

tion of high-Ta thallium barium calcium copper oxide thin

films by a combination of laser ablation and thermal

evaporation. J. Appl. Phys. 71,2478-2479.

Catsch, A. and Harmuth-Hoene, A.E.(1979). Pharma. flogy and

therapeutic applications of agents used in heavy metal

poisoning. In The Chelation of Heavy Metals (W.G. Levine,

Ed.), pp. 106-224. Pergamon, New York.

Chamberlain, P.H., Stavinoha, B., Davis, H., Kniker, W.T.,

Panos, T.C.(1958). Thallium poisoning. Pediatrics 22,1170-

1178.

Cikrt, M. and Tichy M.(1980). Effect of some chelating

agents on the biliary excretion of mercury. I. Excretion

kinetics and distribution of mercury in the organism. J.

Hyg. Epidemiol. Microbiol. Immunol. 24,346-355.

123



Curry, A.S., Read, J.F., Knott, A.R.(1969). Determination of

thallium in biological material by flame spectrophotometry

and atomic absorption. Analyst 94,744-753.

Downs, W.L., Scott, J.K., Steadman, L.T., Maynard, E.A.

(1960). Acute and subacute toxicity studies of thallium

compounds. Am. Ind. Hyg. Assoc. J. 21,399-406.

DvorAk, P.(1969). Kolloldale hexacyanoferrate(II) als

antidote bei der thallium-intoxikation. Z. ges. exp. Med.

89:151-157.

Gabard, B.(1978). Distribution and excretion of the mercury

chelating agent sodium 2,3-dimercaptopropane-l-sulfonate

in the rat. Arch. Toxicol. 39,289-298.

Gabard, B.(1976). Treatment of methyl mercury poisoning in

the rat with sodium 2,3-dimercaptopropane-l-sulfonate:

Influence of dose and mode of administration. Toxicol.

Appl. Pharmacol. 38,415-424.

Gad, S.C. and Weil, C.S.(1986). Statistics and Experimental

Design for Toxicologists. pp. 1-372. Telford Press,

Caldwell.

Gehring, P.J. and Hammond, P.B.(1967). The interrelationship

between thallium and potassium in animals. Pharmacol. Exp.

Ther..155,187-201.

Goyer, R.A.(1991). Toxic effects of metals. In Casarett and

Doull's Toxicology: The Basic Science of Poisons, 4th ed.

(M.O. Amdur, J. Doull, D.C. Klaassen Eds.), 4th ed., pp.

623-680. Pergamon, New York.

124



Hakala, J.E.(1984). Thallium poisoning in a dog. Mod. Vet.

Pract. 65,783-784.

Hapke, H.J.(1990). Chronic thallotoxicosis in ruminants and

transfer of thallium from feed to edible tissues. In

Veterinary Pharmacology, Toxicology and Therapy in Food

Producing Animals. (F. Simon, P. Lees, G. Semjen, Eds.),

pp. 359-366. Proceedings of the 4th Congress of the

European Association for Veterinary Pharmacology and

Toxicology held in Budapest, Aug 28-Sept 2, 1988. Univer-

sity of Veterinary Science, Budapest.

Heydlauf, H.(1969). Ferric-cyanoferrate(II): An effective

antidote in thallium poisoning. Eur. J. Pharmacol. 6,340-

344.

Jensen, K.R. and Kjersulf-Jensen, K.(1945). On the relation

between goitrogenic effect and chemical constitution. Acta

Pharmacol. 1,280-286.

Jones, M.M.(1983). Therapeutic chelating agents. In Metal

Ions in Biological Systems (H. Sigel, Ed.), Vol. 16, pp.

47-83. Marcel Dekker, New York.

Kadota, I. and Midorikawa, 0.(1951). Diabetogenic action of

organic reagents: Destructive leisions of the islets of

Langerhans caused by sodium diethyldithiocarbamate and

potassium ethylxanthate. 7. Lab. Clin. Med. 38,671- -8.

125



Kamerbeek, H.H., Rauws, A.G., Ham, M. ten, Heijst, A.N.P.

van(1971). Dangerous redistribution of thallium by

treatment with sodium diethyldithiocarbamate. Acta Med.

Scand. 189,149-154.

Lehmann, P.A. and Favari, L.F.(1984). Parameters for the

adsorption of thallium ions by activated charcoal and

prussian blue. Clin. Toxicol. 22,331-339.

Lameijer, W., Zweiten, P.A. van(1977). Kinetic behavior of

thallium in the rat. Accelerated elimination of thallium

owing to treatment with potent diuretic agents. Arch.

Toxicol. 37,265-273, 1977.

Lund, A.(1956). The effect of various substances on the

excretion and toxicity of thallium in the rat. Acta

Pharmacol. et Toxicol. 12,260-268.

Manzo, L. and Sabbioni, E.(1988). Thallium toxicity and the

nervous system. In Metal Neurotoxicity. (S.C. Bondy and

K.N. Prasad, Eds.), pp. 35-64. CRC Press, Boca Raton.

Martell, A.E. and Smith, R.M. (1982). Critical Stability

Constants, Vols. 1-5. Plenum Press, New York.

Mulkey, J.P. and Oehme, F.W. (1993a). A review of thallium

tcwicity. Vet. Hum. Toxicol., in press.

Mulkey,.J.P. and Oehme, F.W.(1993b). Quantitative analysis

of trace levels of thallium in biological materials by

atomic absorption spectroscopy. Vet. Hum. Toxicol.,

submitted for publication.

126



Mulkey, J.P. and Oehme, F.W.(1993c). A safety study of

thallium-containing ceramic superconductor material in

rats. Fundam. Appl. Toxicol., submitted for publication.

Oehme, F.W.(1972). Mechanisms of heavy metal toxicities.

Clin. Toxicol. 5,151-167.

Ott, L.(1988). An Introduction of Statistical Methods and

Data Analysis, 3rd ed., pp. 1-835. PWS-Kent Publishing,

Boston.

Nogu4, S., Mas, A., Pares, A., Nadal, P., Bertran, A.,

Milla, J., Carrera, M., To, J., Pazos, M.R., Corbessa,

J.(1982-1983). Acute thallium poisoning: An evaluation of

different forms of treatment. J. Toxicol. Clin. Toxicol.

19,1015-1021.

Pai, V.(1987). Acute thallium poisoning: Prussian blue

therapy in 9 c&ses. W. I. Med. J. 36,256-258.

Pearson, R.G.(1968). Hard and soft acids and bases, HSAB,

Part II. Underlying theories. J. Chem. Educ. 45,437-455.

Planas-Bohne F., Gabard B., SchAffer, E.H.(1980). Toxico-

logical studies on 2,3-dimercaptopropane-l-sulfonate in

the rat. Arzneim.-Forsch. 30:1291-1294.

Rangel-Guerra, R., Martinez, H.R., Villarreal, H.J.(1990).

Intoxicaci6n por talio. Experiencia con 50 pacientes. Gac.

Med. Mex. 126,487-494.

Rauws, A.G.(1974). Thallium pharmacokinetics and its modifi-

cation by prussian blue. Naunyn-Schmiedeberg's Arch.

Pharmacol. 284,295-306.

127



Rios, C., Galvan-Arzate, S., Tapia, R.(1989). Brain regional

thallium distribution in rats acutely intoxicated with

T1 2SO 4. Arch. Toxicol. 63,34-37.

Rios, C. and Monroy-Noyola, A.(1992). D-Penicillamine and

prussian blue as antidotes against thallium intoxication

in rats. Toxicology 74,69-76, 1992.

Sabbioni, E., Goetz, L., Bignoli, G.(1984). Health and

environmental implications of trace metals released from

coal-fired power plants: An assessment study of the

situation in the European Conmnunity. Sci. Total Environ.

40,141-154.

Sabbioni, E., Marafante, E., Rade, J., DiNucci, A.,

Gregotti, C., Manzo, L.(1980). Metabolic patterns of low

and toxic doses of thallium in the rat. In Mechanisms of

Toxicity and Hazard Evaluation. (B. Holmstedt, R.

Lauwerys, M. Mercier and M. Roberfroid, Eds.), pp. 559-

564. Proceedings of the Second International Congress on

Toxicology held in Brussels, Belgium, July 6-11, 1980.

Elsevier, Amsterdam.

Saddique, A. and Peterson, C.D.(1983). Thallium poisoning: A

review. Vet. Hum. Toxicol. 25,16-22, 1983.

SAS Institute, Inc. (1988). SAS* Procedures Guide, Release

6.03 ed. SAS Institute, Cary, NC.

Smith, I.C. and Carson, B.L.(1977). Trace Metals in the

Environment. Vol. 1 - Thallium, pp. 309-316. Ann Arbor

Science, Ann Arbor.

128



Stevens, W., Peteghem, C. van, Heyndrickx, A., Barbier,

F.(1974). Eleven cases of thallium intoxication treated

with prussian blue. Int. J. Clin. Pharmacol. 10,1-22.

Thompson, D.F.(1981). Management of thallium poisoning.

Clin. Toxicol. 18,979-990.

Thyresson, N.(1951). Experimental investigation on thallium

poisoning in the rat. Acta Derm. Venereol. 31,3-27.

Wahlbeck, P.G., Richards, R.R., Myers, D.L.(1991). Vaporiza-

tion reactions of thallium(III) oxide and thallium acti-

vities in thallium superconductors. J. Chem. Phys.

95,9122-9127.

Zhou, D. and Lin, D.(1985). Chronic thallium poisoning in a

rural area of Guizhou Province, China. J. Environ. Health

48,14-18.

129



TABLE 1

Antidote treatment schedule for the thallium antidote study.
Treatment began 24 h after poisoning animals with the equivalent
of 20 mg TI/kg BW and was maintained for 4 d. Animals were
sacrificed by ip phenobarbital 24 h after last antidotal treat-
ment. (PB = Prussian blue, potassium ferric hexacyanoferrate
(II); DMPS = 2,3-dimercapto-l-propanesulfonic acid; T = treatment
group; NT = non-treatment group)

ANIMALS DOSES
GROUPS PER DOSE ROUTE PER DAY

I GROUP DAY

T1 10 50 mg PB/kg BW suspended po 2 1-4
in 1% Tween 80 (1 ml)

T1ps 10 5 mg DMPS/kg BW dissolved ip 6 1
in DI H20 (1 ml) 4 2

2 3,4

Tp1.Dmps 10 50 mg PB/kg BW suspended po 2 1-4
in 1% Tween 80 (1 ml)

5 mg DMPS/kg BW dissolved ip 6 1
in DI H20 (I ml) 4 2

2 3,4

NTPB 7 1% Tween 80 (1 ml) po 2 1-4

NTMPS 7 DI H20 (1 ml) ip 6 1
4 2
2 3,4

NTp7.•.ps 1% Tween 80 j1 ml) po 2 1-2

DI H20 (1 ml) ip 6 1
4 2
2 3,4
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CAPTIONS

FIG. 1. The effect of acute thallium (TI) toxicity (20 mg

Tl/kg BW) and antidotal treatments on body weight (Main) and

on daily weight gain (Insert). * Significantly different from

corresponding control (NT) group (p•0.05, Duncan's test after

significant ANOVA). For clarity the SE's for only 1 treatment

(T) and 1 NT group are shown; they are representative of the

variation seen in the other T and NT groups. The large NT

group SE's are due to the terminal weight loss of at least 1

rat/NT group. Data are expressed as the x ± SE (n=10/T gp;

n=7/NT gp).

FIG. 2. The effect of antidotal treatment (T) or no treatment

(NT) on the survival rates for different groups. PB =

prussian blue; DMPS = Unithiol (2,3-dimercapto-l-propane-

sulfonic acid). Numbers above bar are the number of survi-

vors/total number of animals in each group.

FIG. 3. Organ weight/body weight ratios for different

treatment (T) and non-treatment (NT) groups. For clarity, all

NT groups are combined since there was little difference

between the 3 NT groups. Significantly different from

corresponding NT group (p50.05, Duncan's test after signifi-

cant ANOVA). Results are expressed as x ± SE (n=10/T gp;

n=7/NT gp). T = treatment gp; NT = non-treatment gp; A =
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prussian blue (PB); B = Unithiol (DMPS); C = A+C (PB+DMPS).

FIG. 4. Thallium (TI) content of body organs after dosing

with 20 mg Tl/kg BW po and treatment with chelators (T gps) or

respective suspending vehicle only (NT gps). Results are

expressed as x ± SE (n=10/T gp; n=7/NT gp). T = treatment gp;

NT = non-treatment gp; A = prussian blue (PB); B = Unithiol

(DMPS); C = A+C (PB+DMPS); B = brain; L = liver; H = heart; K

kidney. Significant differences from untreated controls

(Tukey-Kramer test after significant ANOVA): (p•0.05);

"(go.01)

FIG. 5. Thallium (TI) content in blood and feces after dosing

wit), "0 mg Tl/kg BW po and treatment with chelators (T gps) or

suspending vehicle only (NT gps). Results are expressed as x

± SE (n=10/T gp; n=7/NT gp). 5x = values shown are 5 times

actual values. T = treatment gp; NT = non-treatment gp; A =

prussian blue (PB); B = Unithiol (DMPS); C = A+C (PB+DMPS).

Significant differences from untreated controls (Tukey-Kramer

test after significant ANOVA): " (p50.05); "*(p•0.01).
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INDIVIDUAL ANIMAL DATA
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WEIGHT TABLE
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INN 1.3 5.1 6.1. 3 57 so As6 -& 54 14.0 16.4 ___

RE0V WE' C I ONLY: IS TWE4-40 p. + Of H20 Ip

141



MEIGHT Q&Iki TABLE
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FILE A~WIýTC msAAIM NOVTWO? X11UO DATE WU
WDOW aAW TAKES

044405 N B$DY WU0T RMT GAUL MIBJNUIABMSU4TAT DAV O

OMEN ~~DAY I -DCAY 4BCNA

TN P5 1 ~ DAY DAYTA A DAY~ DA
9w~- 0L. .... L. 2...L .... 4 £ coUmmon

TA 1 0 If Is U 41 42
TA 1 0 so a w a 43
TAB3 0 IN SO a so
TAB4 0 2 82 u 40 47
TAB6 0 U0 8 40 4? a
TAB 0 a 4 U U 41 U
TA? 0 4) n 42 4
TAB 0 a, s 37 40 30
TAB 0 is as 44 a a5
TW 0 20 Wt so 4 43

MEAN 0.0 SUS MA MB B1.B 4U.

pTofV 0.0 I. I .to U " 7.51

851 0. 0.7 211 1.7 2t0 2.41

REOM 60O U us PS I kg BW SUWPUIM Of I% rMEN-00 pe

TR OMS ON DAY DA DAY DAY DAY
0 1 2 0

To1 0I 1 2
To 2 0 1S U I
TBB 0 Uso4 48

To 5 0 SO 42 10 44 BToB 01 is a B
TBo 0 W1 0 48 U
ToB 0 $1 al IsU
ToB a N 4 U 4 Is
To1 s u a U UO Is

MONd go0 NB1&20 Us5 s"

8130DEV 060 B.? Its %It 14.0 U

MO 0L0 21A BA 2 4.7 41 &11 __

~WIO Sag0MPB~ BWOI~S~.YEU4

7 BDW A DAY DAY DAY nv -v
--met_ 0 Il 2 3 4 6 commonT

TC I 0 U S
TC2 S 310 '4 27 U
TOO 0 U S 3 4 47
TOB 0 24 5 40, a4TO 0 38 40 a U4 77

TCe I 2al IS 47 2

TOO 27 w 24 111I
101 n U 4

MONd 0.0 ZNB VA U.s 40.1 463

6TD0Ed to0 &Z3 W as Ili 14L4

so 1 00 I.s 04 JS ILI 41A___

RODWEVD 50 mgPB 1kq 5W BUWP40WH IN% TIWEN-4O po . sqOMPSI~g SW DWUMI
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FLE MET.WTC THALLIUM ANTIDOTE STUDY DATE
WEOGHT GMN TAIBL

C0 NGESOf DOW WIGHT MMlOM BASEINE ISINT AT DAY 0(

THALLIUM A4IDOTE W•M kMALS
am DAY I - DAY 4 S DCAMED

NT PB DAY DAY DAY DAY DAY DAY
2w -- a 0 1 3 4 s COwUsmTS

CA 1 0 28 20 34 46 61
CA2 0 22 22 12 42 42
CA$ 0 as U 46 so so
CA4 0 w 24 w a 0 as
CA 0 2 u n a1 40
CA 0 a -g -u -42 -42 DIED DAY 4
C A ? 0 no -I 22 40 40

MEAN 00o 22I 21.0 6 t. 31.a 31.4

20D0EV 0.0 M. 1* 3* 22.2 84.1

am 0.0 &0 L8U L2 11.21 12.

RECIVED VEHICL.E OILY: 11TWEB4-410 p

PIT Omps A DAY DAY DAY DAY DA
,oil 0 1 2 3 4 $ COMmeUim

1=81 0 22 20 U 46 14

ON2 0 IV 1= 2 40 46
032$ 0 1 1 -1 -46 -52 DI DAY 6
c€ 4 0 17 6 -6 -7 1
Co 5 0 a a1 4I 42 46

CS 0 mu 1 0 41 46

mUaw 0.0 22.6 Int 21.7 23 22.4

lTD OEV 0.0 4.6 11.0 a"0 NA OLT

- 0.0 1.4 4.5 2.1 124 14.6 , ,,

RECEVED VEHICLE ONLY: Of 1oo Ip

MT PB+0MPS DAY DAY DAY DAY DAY DAY

GROUP 0 1- a 2 4 5 COiMMitS

CC 1 0 26 22 2 44 42
cc2 a 22 21 10 41 64
c $ 0 i1 s 7 v u D u
cC 4 a I -4 -20 -42 -U DIED DAY 5
CCI 0 14 -7 -3 -so -W Io DAY 4
CCI 0 5 t4 U 44 62
CC? 0 24 O 1 1 Me m

UdmI 0.0 16.7 14.0 14.6 10 as 1f.7

m0 DEV 0.0 at e1.111 2.s S" 411.

s. ,,.0. 2.$ &1 o, 14.? 17.21

RCIAI YVEDLEIOIOLY: IS WM-20 le + 01120 W 1
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FILE ANTQORGW THAWIdUM AN4llOE STUDY DATE aiw.
CONSOLDATED WEIGHT TABLE

AJ. ORGAN WEIGHTS (g)

TP .... COMMENTS•

GROUIP UVE IKIDNEY HEART SUAN

TA 1 10.26 1.37 0.2 1.71
TA 2 8.47 1.16 1.13 1.60
TA 3 lass 1M 121 1.2
TA 4 11.02 1.70 0.8 1.72
TA 5 10.65 1.14 126 1.76
TA 6 12.8 1.61 Im 1.32
TA 7 11.05 1.14 1.04 1.74
TA0 9.88 1.14 1.0 1A2
TAg 10.51 too Om 1.64
TA 10 12.0 1.19 0.0 1.8s

MEAN 10.I0 1.34 1.07 1.06

STDDEV 1.16 022 0.17 0.07

SEM 0.7 0.07 0.06 0.02

T [•SCOMENT

GROJP LIVE KIONEY HEART R•BIN

7 1 6.60 1.27 1.17 1.64
"16 2 am 1.15 1.12 1.3
7B 3 08.96 0.0 1.19 1.42
rB 4 8.76 0.03 0.04 1.06
765 0.82 1.22 016 1.67
71 6 an6 1.00 0.90 1.57
"7B 7 8.41 131 1.12 1.80
"6 0 8.47 1.00 0,92 1.71
IS9 6 OAS 06 1.36 1.11
7 10 B96 0.86 1.06 110

MEAN 8.71 1.04 1.07 1.62

8VD DEV 024 0.21 0.16 0.10

SEM 0.06 0.07 0.06 0.03

T I5+01PS CMET

GROUP LVE KIDNEY HEART RAIN

TC 1 10.25 127 1.12 1.56
TC 2 9.67 1.40 022 1.64
TC 3 10.25 1.20 1.13 1a ONLY IKIONEY
TC 4 10.21 1.16 1.22 1.07
Tc 5 11.61 1.32 1.37 1.52
TC a 10.23 1.40 1.04 1.75
TC 7 10.12 IAI 1.26 1.60
Tc a 10036 125 OAS 1.60
7c 9 10.03 129 on 1.3
TCIO 10.84 1.42 0.91 1.66

MEAN 10.43 131 1.09 113

ST DEV 0.51 0.09 0.16 0.13

8SE 0.16 0.03 0.06 0.041
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FILE ANT.ORGW THALL. ANTOOTE STUDY DATE 21"s
CONSOLATE WEIGHT TABLE

ANWIMA ORGAN WEIGHTS E)

NT PS COMMENTS

GROUP UV1 KIDNEY HEART BRAIN

CA 1 10.4 1.16 125 1Im
CA 2 9.61 1.0 029 1.51
CA 3 Ot 1.11 02? IIAe
CA 4 10.3 1.11 0.04 1.52
CA 5 10.31 1.01 1.15 1.51
CA 6 9.60 1.10 014 1.W Di DAY 4
CA 7 8.29 1.1 1-s6 1.67

MEAN 9.2 1.15 1.07 1.53

SM DEV 0.5 O.09 0.10 0.00

-M0al 0.03 0.07 0.03,

GW O U.P UVBL KID NY HEART BRAIN ____ _

CD 1 9.71 120 1.31 1.51
CS 2 0.61 1.01 1.34 1.60
CB 3 6.00 0.6 0.94 1.42 ODI DAY 5
C 4 11.41 1.31 0.87 1.10
Ca 5 0.27 122 1.29 1.6
Cs06 111.4 1.30 1.26 1.,2
CD 7 10.75 121 1.09 1.55

MEAN 0.6 120 1.17 1.53

800 EV 1.63 0.15 020 0.06

SEM 0.*1 0.06 0.06 0.01

NHT rs+OW4S CMET
GROUP UV KIDNEY HEART BRAIN

cc 1 11.04 124 1.30 1.50
CC 2 12.56 124 1.22 1.63
CC 3 10.01 1.00 1120 1.5
C 4 0.19 1.03 0.9 1.44 DIED DAY S
CC 5 i. 121 0.4 1.46 DIED DAY 4
cc a.83 1.19 1.07 1.61
CC 7 9.13 1.13 1.35 1.54

MEAN 9.66 1.16 1.14 1.63

87V 0EV 1. 0.10 021 0.07

SEM 0.74 0.04 .O06 0.0

"147



FILEANT-ORGIW HAW.LNUM ANTIDOTE STUDY DATE 2A"
CONSOLDATED WEIGHT TAILE

ANMAL ORGAN WEIGHTS (g)

GROUP COMMENTS
LIVE KIDNEY HEART BRAIN

CA I 10.64 1.16 125 1.55
CA 2 9.61 1.30 o0 1.51
CA 3 9.61 1.11 0.97 1.86
CAd 30.39 1.11 C.M 1.52
CA 5 1.31 1.01 1.15 1.52
CA a 9.60 1.10 0.64 1.= DIEDAY4
CA7 6.29 1.16 1.36 1.57
Ce 1 9.71 120 1.31 1.51
CS 2 9.61 1.01 1.34 1.40
CB 6 S.a 0.9 0)4 1.42 OW DAY5
CS 4 11.41 1.31 01.7 1.19
CB 1 9.2 1.32 129 1,1
CB 6 11.65 120 1.8 1.52
CB 7 10.75 129 1.=9 111
CC 1 11.04 124 12 1.50
CC 2 12.51 1.24 122 1.3
CC 1 0.01 1.00 12.0 1.•2
CC4 6.19 1.21 0.9 1.44 DIED DAY 5
cc 5.a6 121 0.64 1.46 DIED0AY4
c OO 9.3 1.19 1.07 1.64
CC 7 9.13 1.13 15 1.54i

MEAN 9.o1 1.16 1.13 1.53

STDOEV 1.46 0.11 020 0.07

S0.32 0.09 0.04 0.02
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FILE ANTORG mr"EJU AHTIDOTE STUDY DATE 2MM

ORGAN WEIGHT / BODY WfEIGHT RATIO TAftf (*A)

ORG AN WE•IHT I BODY WEIGT" RATIO ,41

_____ UVER KIDNEY HEART BRAIN

TA 1 4.13 0.5 0.37 0.60
TA 2 3,47 0.40 0.46 0.6
TA 3 3.80 0.51 0.44 0.0
TA 4 4.27 0.66 0.34 0.87
TA $ 3M. 0.42 047 06M
TA 6 4.56 0.50 0.40 0.5
TA 7 4.41 0.43 0.39 Oj1
TA I 3.5 0.44 0V40 03
TA 0 4.17 0.2 0.37 018
TA 10 4.86 0.4 0.36 0.63

MEAN 4.17 0.52 0.41 0.04

SMTIDEV 0.3 Ob 0 0.06 040

SEM 0.12 0-0 042 0.01

ORGAN WEIGHT I lCIY WEIGHT RATIO (%)
GROUP KIEMMENTS

7B 1 3.77 0.54 030 0.70
Th 2 4.05 0.,52 0,0 om
11 3 3.19 0.23 0.,5 0.54
11 4 3.87 0.30 O.3 0.0
11 5 3.12 0.43 0.2 0.01
70 6 3.67 0.41 0.37 0.66
11 7 3.10 0.40 0.42 Oi1
18 5 311 0.41 0a 0.71
laD g 3.60 0.42 ,8 0mp
98 10 3.5M 0.30 0.43 0.72

MEAN 3.56 0.42 0.44 0.66

S0 DEV 027 0.09 0.06 0.06

8EM 0.09 0.0 0.02 am0

OOFANWMH I BOY WEIWGHT RATIO (%)
GROUP COMMENTS

____ KIDNEY HEART BRAIN

TC 1 3.97 0.40 0.43 0.00
TC 2 3.70 O.58 0.36 0.64
TC 3 3.73 022 0.41 0.56
TC 4 3.4 0.45 0.47 0.64
TO 5 3.1 0.43 0.45 0.50
TC 6 3.70 0.51 0,80 0.64

TC 7 4.27 0m 0.5O3 0.0M
Tc a 4.40 5m 039 0.47
TC 9 4.36 05m 0.41 0.57
TC 10 4.46 0M 0.37 0.68

MEAN 4.05 0.40 0.42 0.63

STDOEV 029 0.11 0.05 0.00

SEM 0.09 0.03 0.0 a2m
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FILE AWT ORG rM£.LIUd ANTDOTE SMY W 2D&W

ORGAN WEIGIT / BODY WEIHT RATIO TABKE (%k

- OR"Ga 1. oD.WEIGHT R N V r RATOO MMT
GROUP UvR KIDNEY HEART SAIN

CA 1 4.32 046 0.45 0.51
CA 2 3,75 051 01 030
CA 3 3.57 0.41 03m 02
CA 4 4,12 0.44 0.37 O0.8
CA 5 4.14 0.41 0.46 0.61
CA 6 520 016 0.47 0.78 DIED DAY 4
CA 7 3.33 0.47 0.8 0.8

MEAN 4.00 0.4 0.64 0.94

s5M OEV 0.67 0.0 0.07 0.0o

OEM 0.25 0.08 0.08 0"

0 0 WA W W W I MO y W M IT R AT *O 0 0C O M E T~OLOP COW4IBTS
GO LIVR KD HArT MN ____I_~

Co 1 3.65 0.46 0.40 0.57
C8 2 3.1 041 0O6 o.51
CB 3 420 0.,6 Om 0ow7 DIED DAY 5
CS 4 5.33 0.81 0.41 0.74
C8 S 3.54 am0 0.40 0.81
Co a 4.7 0.46 0.50 O06
Cs 7 425 0.51 0.43 0.61

MEAN 4.19 0.51 0.40 0.6

S0 DEV 0.80 0.07 0.0 0.11

OEM 02$1 0.08 0aw 014 ", __

ORIGANI W..0"T / BODY INW1[~~l RATIO (V•
OR~tP COMME4NTSGROUPO UVON KIEY HEART BRAIN

CC 1 4.25 0.48 0.13 016
CC 2 4.O 0.45 0.45 0.8O
CC 3 4+14 0.41 0.50 O.3
CC 4 3.73 OA2 0.54 087 DIED DAY 5
CC 5 420 07 0.47 o.1 DIED DAY 4
CC a 3.65 0.44 0.40 0.80
cc 7 3.84 0.45 0.54 0.81

MEAN 4.4 01 0.40 0.7

100DEV o.m 0.10 0.06 0.12

SEW 0.20 014 0 004 002
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FILE ANT ORG THMLM ANTIDOTE STUDY DATE 2N

ORGAN WEIGHT / BODY W0IGHT RATIO TADLE (%)

ORGAN WEIGHT / SMOY WEIGHT RATIO (%K
GROUP COMMdENTS

UVEI KIDNEY HEART &UAN

CA 1 4.32 0.48 0.40 0.61
CA 2 3.75 0.51 0.39 o0
CA 3 35 0.41 OmO6,2
CA 4 4.12 0.44 0.37 0.60
CA 5 4.14 0.41 0.46 0.81
CA 6 .L5 O.86 0.47 0.78 DIE DAY 4
CA 7 3M5 0.47 0.56 0.63
C I 3.S6 0.45 0.49 0.57
C8 2 3M 0.41 O0 0.61
Cb 3 429 0511 Om 0.87 DIE DAY 5
CSB 4 5.33 0.81 0.41 0.74
co 5 3.54 0.50 0.49 0.61
C8 6 437 0.4 0o.0 Ole
CB 7 4.25 031 0.43 0.01
CC 1 425 0.4 0.5, 016
CC 2 4.00 0.45 0.45 0.o
CC 3 4.14 0A4 0.50 O.3
CC 4 3.73 0.82 0.54 0.87 DIED DAY 5
CC 5 4.3 0.87 0.47 0.81 DI0D DAY 4
CC a 3.5 0,44 0.40 -0.80
CC 7 3.64 0.45 0.54 o.61

MEAN 4.14 0.80 0.47 0.65

ST00EV 0.57 0,06 0.106 0.10

SEM 0.12 O.Q 0.01 0.02
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THALLIUM CONTENT OF

ORGANS, BLOOD AND FECES
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FUL AROLU.P THA&JUM ANTIOTE STUDY DATE wm

TNAJAUUM CONTENT ipp1') OF

RAT ORGANS, ILOOW S FECES

TREATMENT COMMENTS
GROUP 1Q0MEV LIVER HEART SPAIN SL00W FECES

TA 1 374 1.7 14A &1 0.2 9.7
TA 2 44A1 638 1.7 Z7 0.34 0.0
TAO 3 U.7 .5 to0 4.o 0.10 0.
TA 4 400 4t5 0.4 to0 0.17 5.7
TA 6 34.4 4.3 0.2 &.4 am3 7.0
TAO0 40A 6.0 12.3 33 0.27 7.3
TA 7 4140 4.0 12.3 2.7 0.25 10.0
TA 1 US. 5.2 13.0 z 0an 7.0
TA 3 a4.7 4.0 11.0 20 0.21 ?.0
TAto 6.7 5.1 11.3 to2 0.17 0.6

tmEA U! .0 11.7 3&0 0.23 7.0

SID DV to0 0.4 1.9 . 0.05 1.5

IDA 1.01 01 0.6o 0.2 0.02 all____

AECOME 50 mg PS/ kg BW SUSPENDED IN1 IS WEEN-so p.

OMPS 1HAMM CONTENT Wmn)
TREATMENT COMMENTS

GROUP 100MEY LNER HEART SRADE SL000 FECES ____

TB 1 al.1 10.2 214 &.5 awl7 SA
TO 2 52.2 0.5 22.2 11.1 0.072 SA
7B33 G0OA 4.4 "A. as8 0.07 &I
TB 4 "A. 7.0 10.5 0.6 0112 3.9
To S US. to0 10.8 10.7 C.102 2.0
To a ou. 6.2 24.7 7.4 0.06 4.2
73 7 74.0 02 SA5 0.6 to"5 &A
To a 70.2 114 10.7 &1 am05 2
To 9 70.3 7A0 22.1 &.4 0.00 2.2
7310 77.1 .4ý 10.7 0.4 Cm7 L22

MEAN 72.6 to0 21.0 6.2 am75 0.

STO DEW 15.7 1.2 to5 1.6 0.018 0.7

Sf14 0.0 0.41 0.9 0.51 00506 a: _____

AECEVEDs.somPs/igSwDIssoLvEDINOiH2O i

OWO.+ PS iALJum CONT84T Lin)
TREATMENT COMMENTS

GROUP wINEY LIVER HEAm SN s Looo FECES ____

TC I W6* L? 10.1 2.0 am0 7.3
TC 2 27.3 S.2 11.2 2* 0.064 7.2
IC I 37YS 5,4 1". t.4 CLOS5E
TC 4 us3 1. 10.7 UA 0.007 7.3
TC VIA 0.2 15 4.2 0.05 0.1
700 36.2 75 10.2 0.0 0.040 &.7
IC 7 30.4 Us 7.0 235 &041 7.7
IC S 34 0.0 4A0 2.4 0.00 04
7C 9 27.2 &@6 &a8 0.1 a6 0.7
TC to 35.0 a2 03 14 Mm00 to

MEAN 244 lab 10 &21 0.007 7.3

&To 0EV 4.4 0.7 1.6 0.7 0.012 1.0

SEM 1.d 0.1 0.5 tam 0. as03___

KECWIDOmgPS/kgIwW SSB4EDI#4isIWEN-IG ps . Sm#DWPS/kqBW
=ISOLVED IN of 20 1P
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ALE AROLLUP THALIIM ANTIDOTE SUOTY DATE n
THAWUUM CONTENT (Pm) OF

RAT ORGANS BL.OOD A FECES

Pe TWAL4.M CONTENT W)
CONTROL COMMENTS

GROUP KIDNEY LIVER HEART BRAIN BLOOD FECES

CA 1 79.5 .4 U.S 10W 1.3 L7
CA: 70. 81 24h 10.2 1.0 2.1,
C A 3i " .0 24 A 11.0 1. 3 B.0
CA 4 75. 0.62 10.1 7.2 1.2 4.0
CA 5 70.0 10.2 19.0 7.2 1.1 S.0
CA 0 a. 12.6 20.0 13.0 z'I 2.o DIED DAY 4
CA7 70. 10.2 6.6 to 1.4 4.4

MEAN 70 0.7 C 10.0 1S

STO EV 2.1 &.2 9 2 04 0

RECEVUO VWICLE ONLY: 1 TWEEN-eo po

S 4HAUIUMCONTT (CmT )
CONTROL COMMENTS

GROUP KIONEY LIVER 14EART BRAIN LOCO FECES

GOI 07.0 o4A " A ZIA 1.0 8.4
ce 2 72.0 L7 0.4 0.4 1.7 4.5
C11 10o S 2l I" l ISA 10 1.2 DIED DAY 5
C9 4 74 0.1 10A 110.1 0.8 4.5
C £ 0A. 6.6 10.* 7.0 1.4 2
C11 4 1GI 0.7 W W0A 1.9 4.3
ON 7 IVA 0A 3.02 0.0 1., 4.7

MEAN 51.2 to 21.7 I0n 1is 1.

SD DEV 0G5 1.0 to 1.7 0.4 0.7

SEM 25 0.5 I.as 0. 94 1 0.) _

RECSVED VERCLE ONLY: 01DM ip

PS + DOMS THALLUUM CONTEBT (ppm)
CONTROL COMBI TS

GROWP KINEY LIVER HEART BsAIN BLOOD FECES

cc 1 663 lO "A 1" 1.7 04
Cc a 01.7 11.4 vs 4.1 1.0 to
cc 04"0 10S 14.3 0.2 1.1 &2
cc 4 903 12.4 30.0 10 1.7 &1
CCI 02*.3 12 21A *4. 1,4 4t6 DIED DAY S
cc M.6 10.1 32.7 7?A Is &1 DIED DAY 4
CC7 08. 11. O1D 01.1 1& I .4

MEAN 74.2 1.A 322 10W 1.4 1.7

STO 0EV 14.1 t.0 t.3 3* 0.0 0*

sE 6.8 0.&3 I. 1.0 0.1 0 k$_

RECUVED VB4CLE ONLY: 1% TWUN-40 p + 01 WO Ip

155



CLINICAL OBSERVATIONS
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CLINICAL OBSERVATIONq TABLE

The clinical effects of thallium poisoning in rats are
diarrhea, tremor, and alopecia, whereas scruffy coat is non-
specific sign of illness. Animals having these signs are
indicated below.

GROUP DIARRHEA TREMOR SCRUFFY ALOPECIA
COAT

TA N/A N/A N/A N/A

TB TB2 TB2 N/A N/A
TB4 TB4

TC N/A N/A N/A N/A

CA CA5 CA1 CA1
CA6 CA6 CA6 CA6

CB CB5 CB6 CB6
CB3 CB3 CB3 CB3

CC CC4 CC4 CC4 CC4
CC5 CC5 CC5 CC5

TA = Prussian blue (PB) treatment (T) group; TB = Unithiol
(DMPS) T group; TC = PB+DMPS T group; CA = PB non-treatment
(NT) group; CB = DMPS NT group; CC = PB+DMPS NT group; N/A =
not applicable

Observations from gross examination of animals that died

before the end of the study:

CA6 none; had minimal amount of fecal matter in bowel.

CB3 colon distended with bloody serous liquid; no
ulceration observed.

CC4 enlarged, distended colon containing 2.7 g feces;
dimensions of enlarged colon 3.5 x 3.1 x 1.9 cm;
lower left and right lobes had patchy dark-red
areas.

CC5 small amount of liquid feces (no pellets).
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THALLIUM DETERMINATION WORKSHEETS
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FILE AAK1 n.LLIjM ANTiOTE SluOY DATE 2110/03

PEAK HEIGWT MWOAJHEET

SAMPLE: V]DNL

GROUPS: PB (TX & NO Ti"

RUNI AVERAGE
TISTMS PEAK HEIGHT DATA PEAK WT

BEK 0 0.0
0.05 5.1 5.1
0.10 17.1 17.1
0.30 60.2 602
0.10 90.2 90.2
0.70 110.4 110.4
1.00 157.0 157.0

RUN 2 AVERAGE
TIT S PEAK BEIGT DATA PEAK HT

aLK 0 0.0
0.05 4.6 4.6

0.1 15.8 15.9
0.3 65.3 56.3
0.5 63.6 53.6
0.7 110.2 116.2

1.00 162.01 162.0

RUN3 A'VERA•GE

TISTS PEAK MEIGHT DATA PEAKHT
xK 0 0.0

0.06 33. 3.5
0.1 14.8 14.A
0.3 658.4 U.4
0.5 77.2 77.2
0.7 116.2 115.2

1.00 162.4 162.4
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FILE AAK1 WW±UIW. ANflOOTh STUDY DATE 2nIWcm
PEAK HEIGHT WORKSHET

SAMLE: KIDNEY

GROUPS: P9 OX & NO Ti)

Tn PEAK HEIGHTS DATA POINTM FOR
STDS LINEAR REGRESSION LINE

RUN I RUN 2 0 3 RUN 1UI. RUN 2 RUN 3
0 0 01 0 2.9 OCA -0.A

0.05 5.1 4.6 3A 10.9 0.1 7.8
0.10 17.1 16.0 14.8 18.8 17.3 16.0
0.30 60.2 58.3 58.4 50.4 50.1 48.8
0.50 90.2 83.6 77.2 82.1 82.9 81.5
0.70 110.4 116.2 115.2 113.7 115.7 114.3
1.00 157.01 162.0 162.4 161.2 164.0 163.4

Ro.Vssion Output: RUN 1 Regrssion Ouput RUN s
Conant 2.0407234 Cnaint -0.361021
Std EnrfY Est 6.8053063 Sid EbrrY Est 5.101727
R Squaed 0.0680467 R Squared 0.09040002
No. af Observatkos 7 No. atlObservbors 7
Degees ot Freedom 5 Dogws of Freedom 5

x Coahciemnt(s) 158.20078 x CaddanmW) 163.78,82
St Err of Cod. 7.4820=3 SWi Err of Coof. 5.6431934

3 STD RUNS
Reogesion Outpuit RUN 2 RPgAmsin Output: COIND

Conmmnt 0.8532786 Conmnt 1.1443252
Std En of Y Ea 4.4506=3 Std Err dY Est 5.004M72
R Squwed 0.9MI6 R Squaed 0.025041
No. of Obseralioe 7 No. of ObIsew fne 21
Dogm'a of Freedom 5 Degre of Freedom 10

x Coom•aieiID) 164.01021 X Co.saient() 162.02127
Si Br of Coat. 4.66834 Sid Err OfCof. 3210661
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FILE AAKI TMLIUUM AtdOTE STUDY DATE 2nO6C

PEAK HEIGWT V*DU(•HT

AMPLE K EY

OUPS: PS (TX & NO T)Q

180
170
160
150
140

z130-
S120

1100

2oo-

Sgo-
180

o.. 70-
60-

40
30
20

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

TI CONC (ppm)

SAMP'LE AVERAG SAMPLE
id PEAK HEIGHT DATA PEAK lT TI CONC

TA 1 76.5 78.4 77.5 0.47
TA 2 86.0 84.6 84.8 0.52
TA 3 89.0 as.I6 802 0.54
TA 4 65.0 80.0 82.5 0.50
TA 5 77.2 72.0 74A 0.48
TA 8 80.4 6A 62.9 0.5O
TA 7 77.0 74.2 75.0 0.46
TA 0 83.6 83.4 63.5 0.51
TA 9 70.4 76.0 73.2 0.44
TAb 1 893.0 80.3 81.7 0.50
CA 1 82.0 791 60.8 0.40
CA 2 81.0 73.2 77.1 0.47
CA 3 81.8 72.8 80.8 0.48
CA 4 67.0 W2.4 64.7 0.30
CA 5 73.0 74.8 74.0 0.46
CA 0 70. 73A 72.3 0.44
CA 7 81A 79.4 80.0 0.40

TI CONC - (y - b)/m WERE y - AVERAGE PEAK HEIGT
b - y - UNTERCEPT. COMBINED RUNS
m - SLOPE. COMBINED RUNS
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FILE A Ki TALJLiM ANTIDOTE STUDY DATE ;n Z(0
PEAK HEMGWT WOAWMHEET

SAMPLE: KDNEY

GROUPS: OMPS (TX & NO TXQ

RUN 1 AVOftAG
I STDSB PEAK HEIJGT DATA PEAK HT

O5K 01 0.0,
0.06 4.1 4.1
0.10 .9J 9.9
0.30 42.21 42.2
o.5o 75.A 75.6
0.70 88.4 8".4
1.00o 14.2 14.2

RUN 2 AVERAE1
TISTDS PEAK HEIGHT DATA PEAAK HT

ILK 0 0.0
0.06 4.0 4.0

0.1 0.7 a.7
0.3 41.3 41.3
0.5 78.0 76.0
0.7 92.2 2.21

1.00 136.6 136.S

RUN 3 AVERAGE

TI STDS P HEIGHT DATA PEAKHT

OLK - 0 0.0
0.05 3.8 3A

0.1 9.5 9.5
03l 40AI 40A
0.5 71.4 71.4

0.7 49.2 09.2
1.00 136.2 136.2
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FILE ABKi THDJJ.JU ANlICOTE STUDY DATE 2AZ43

PEMN EW~ WWHUI10"RT

SAMLE: KIDNEY

GROUPS: DAM9 (TX & NO 7X)

fI PEAK tEI0ITS DATA POIKT FOR
STOS LMfM REGRESSION LINE

RUNI RUN 2 RUN 3 RUN I RUN 2 RUN 3
a0 0 0 -0.6 -1.1 -1.7

0.06 4.1 4.0 33 6.2 S6 5.2
0.10 9. .7 0.5 12.0 12.7 I2.0

0.30 42.2 41.3 40.41 40.0 40A5 39.4
0M5 75.6 75.0 71.4 97.1 U6.3 66.7
0.70 88.4 02.2 6.2 04.1 06. 04.
1.00 134.21 160.6 130.2 134.7 137.71 135.2

R~gession Ou~int RUIM1 Reweaskan Ouipu± RUN 3
-A0.10425ordbl -1.6603

Sid Brr of Y Est 4.6626661 SM Err of Y Eat 3.48W547
R Squared 0.00664 R Sqwaed O0.06206
No. of Obbemiaors 7 No. ofOsrabi 7
Do~ees of Froedom 5 Doepesof Froodom 6

X CoeIkbeofs) 135.310M6 XCoei~elsq644) 13$*7744
SbdbyETC cow. 5.450002 aw Errof cod. 3.7771640

3 lD RUINS
Rlevession OUYt RUN 2 Rtepesson 0~~ COMBINED

Coalt-1.144425 conewd -1.144M6
Std Or ofY Est 4.243811011l BWrrofY Si 3.875730
R Squared 0.004461 A Squared 0.0630066
No. cif Obsermwion 7 No. of Okeerw~km 21
D.,..s of Freedom & Doweale of Freedom 10

X CosImoiseis) 136.760M X Co*olegt) 130.916117
Std Err of Coof. 4.6=2262 Sid Err of Coof. 2.4425106

165



FILE Ak K1 THALLIUM ANTIDOTE STUDY OAT• 2V1 V9
PEAK HEIWT WORKSHEET

SAMPLE: KIDNEY

GROUPS: DWS (TX & NO TIQ

180
170
160
150
140

0 120
110

=100-
Sgo-

BO-
IL 70-

50-
40-
30-
20-
10

0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.6 0.9 1

T1 CONC (ppm)

SAPL AVERAGE SAPL
iD PEAK HEIGT DATA PEAK KT TI CONC(pmn)

To 1 40.5 4135 41.0 0.31
'TS 2 42.1 41.3! 41.7 0.31
TS 3 38.0 38.1 37.1 028
TB 4 7'3.0 7248 72.0 0.S4
Te $ 72A6 75.2 73.t 035
TBe6 70.0 704 70.4 03.,2
TB 7 01A 64, 6" 0.47
Toi a SGO 61.8 67.1 0.6o

• e 10 00.4 57.8! 69.0 o."
_S 1 IiI _ 0_ u0.

CS 2 82*0 64.8 63.3 0.47
CS 3 71A8 69A 70A8 02
CS 4 04.4 81.4 63.1 0.47

e 5 71.4 s" 44. 4r7.3 0.50
cBe a ." e0.2 ".414 0.44
CB 7 66.8 W.2 61.3 W. 0.46

TI CONC y- b)/m WHERE y a AVERAGE PEAK HEIGHT
b y-TERCET. COMBINED RUNS

S OPE. COMBINED RUNS
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FILE AC_K1 T LSIUM ANTIOOT! WUY DATE zI,/ll3

PEA KEIGtT WORKHEET

SAMRPE: KIDNEY

GROUPS: PS + OMPS (TX & NO ")Q

RUN 1 AVERAGE
TISTiDS PEAK HEIGHT DATA PEAK KT

ELK 0 0.0
0.06 4.1 4.1
0.10 10.3 10.3
0.30 43.7 43.7
0.10 75.0 71.O
0.70 .0A 90.
1.00 13L.6 13.6

RUN2 ..... AVERGEu
I" STDS PEAK HEIGHT DATA PEAK NT

OK0 0.0
0.06 4.0 4.0
0.1 10.1 10.1
0.3 44.4 44.8
0.5 81.2
0.7 2-2 U22

1.00 138.5 138.8

RUN3 ....... AVERAG3E
TI 51W PEAK HEIGHT DATA PEAK NT

(JPlK0 '0.0

0.06 3.7 3.7
0.1 11.8 11.6
0.3 46.4 46.4
0.5 78.4 78,4
0.7 7.A 07.4

1.00 145.4 145.4
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FPIE kCK1 TKMAAMj~dANilOTESIUo DATE ZM13M6

SAMPLE KWE

GROUPS: PIS + OMPl (Tx & NO 12Q

TI PEAX HEIGHM DATA PONiS FOR 1
STOB LOR~AR REGRESSMO L*4E

____ RUN I RUN 2 RUNS3 RUN1I RUN142 RUN 3
0 0 0 0 -as -0.3 -0.*

0.0S 4.1 4A0 3.7 6.1 GA #A5
0.10 10.3 10.1 11* 13.0 13A8 13.*
0.30 43.7 44A 40,4 40*8 42.0 43.2
0*0 75.0 81.2 7IL4 "A* 70.1 72.5

0.70 60* 9". O7* 636. N.2 101*
1.00 1Ins6 139A.1 149.4 1362 I ". 15

Regenionx 0~p. RUN I Raegmbo 0~~ RUN 3
Condo*n -0286"52 Cvndwt -0.82446
Std Err ofY Edl 4.2623W8 Bld Dr ofY Est 3,9065M7
R Sqiaed 0*96172 R Squeed 0*66653
NO. at Obeswiabns 7No. of Obawualns 7
Deqm of FedmSDevoe"OfFreedo 5

X Comienwiri~) 130.06M0 xc.umhdi4) 1"0.66000
BSd Er of Cod. 4.7617479 SW fr of Cod. 4.114

3 Sib RUNS
Rpeenion Ou~.* RUN 2 rkgession ch", COMOWM

CvoAfme -0.3531 Caodan -0*54676
SW d of dYEd 6.1668767 am Gr ly ad 4.7140744
R Sqwred 0"6650 R Sqmsed 0.W07487
No. of Obemwiibns 7 No. of Obewwbon 21
Oegmw of Fieedom 5 Degui of FreedomI 10

X Coefficewnt(s) 140.71744 x coefflisel*) 142.14496
Std Err of Cod. 6.766157 ltd Eno Cdui. 2A745003
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FILE A_CK1 THmmiUm ANTIDOTE STUDY DATE 2/13/93
P,. HEIGHT WOfiISEET

SMPLE KIDNEY

GROUPS: PS + DMPS (TX & NO rX)

180
170
160
150
140

ti130-
0 120
- 110

100p
W 90-

I. 70 0

50
40

20 72 0174 .

10

0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1

11 CONC (ppm)

ID PEAK HIGHT DATA PEAK K~r fl CONC

TC 70.0 712 70.6 0IA0
TC 2 72.2 70.6 71.4 0.51
TC 3 73.0 72. 72. 0.52
TC 4 40.6 63.4 61.0 0.36
TC 5 61.2 3.0 52.4 0.27
TC 6 67. 6WA GSA 0.40
TO 7 63.2 46A 64A 0.4
TC 8 88.0 3.A 64.7 0.46
TC O 482 GB* 52.5 0.37
TcO 10 0.0 06.2 W6.1 0.47
cc 1 4.2 a"o 0.362'
CC 2 WA.4 99.0 69.2 0.40
CC 3 U6.0 00G 1A 0.A4
CC 4 7.2 611 66.0 0.48
CC 5 71.0 77A 74.2 0a3
CC 0 62.0 64.0 63.0 0.45
CC 7 6 A 6 5.6 6U.7 0.47

TI CONC -(y-b)/m WHERE y - AVERAGPE A D HEIGHT
b - y - INTERCEPT. COM0INED RUNS
m - SLOPE. COMBINED RUNS
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PLE AkAL1 THA.UM AANfnOl gSUCDV DATE ff,4M
PEAK HEICHIf WKYRIHEET

SAMPLE: LIVER

GROUPS: P, (IX & NO rig

RUN1I AVERAGE

T1STWO PEAK HEIGIT DATA PEAK HT

0 0.0
0.06 5.4 5.4
0.10 15.1 15.1
0.30 46.0 40.0
0.50 70A 79.4
0.70 104.4 104.4
1.00 162.1 149.2 150.7

RUN2 AVERAGE
TISTS PEAK M I DATA PEA, KT

OLK 0 0.0
0.05 SA 5.4

0.1 15.2 15.2
0.3 44.3 44".
0.5 1.6 . 1.0
0.7 105.0 106.0

1.00 150.2 151.6 110.0

RUN 3 AVERAG2E

M "TDS PEAK HEIGT DATA PEAK HT
0L0K 0 O

0.06 5.1 5.1
0.1 12.7 12.7
0.3 45.5 48.5
0. 76.6 76.0 76.3
0.7 102.0 102.0

1.00 148.5 147.7 148.1
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FILE AAL I ThALLIUM ANTIDOTE STUjoy DATE 2J14M9
POAX HEIGHT %IRKSI4EET

SAMPE: LIME

GROUPS: PS MIX A NO T)Q

TI PEAK HEIGMT DATA POWTS FOR
STDS LINEAM REGRESSION LIME

RUN I RUN 2 RUN 3 RIMNII RUN 2 RUN 3
0 0b 0 a 0.1 -0.2 -OA

0.05 S.4 5.4 5.1 7.6 7.4 6.6
0.0 15.1 15.2 12.7 15.2 15.0 14.1

0.30 48.0 "A. 45.5 45.5 45.5 43.0
0.50 79A 81.6 76.3 75.8 76.0 73A8
0.70 104.4 106.0 102.0 100.1 105.5 105.7
1.00 150.71 150. 1 148.11 151.6 152.21 148A

Rewessiorl Output: RUN 1 Re~remaion 0~~, RUN 3
QW102fl 0.01606 C..Wnt -0.84400
Std Er ofY Edt 2171775 Old Err of Y Edt 1.31163
R Squered 0.06611777 R Squored 0.09415
No. of Obewalorm 7 No. Of Observello 7
Douess o Firee a Deums of Freedom a

X Coelicient(s) 151.48014 X Collicimnt(s) 140.211011
Std Er of Cost. 2.37060M0 Std Br of cost. 1.0819026

3 SM RLINS
R*ess"o Output RUN 2 Rleremuion 0s4.t CCOINED

Candbard -0.224680 Cinld"t -0.33W574
Std EBr of Y Ead 2.850175 SW Err of Y .En 2.2M4482
R Squaed 0.807006 R Squired 0.806261
No. of Obumervlors 7 No. of Obsermftri 2
Degees of Freedom 5 Doesse of Freedom 10

X Coellcriet(s) 152.44255 X Coeeian* ~) 151.076M
Std Err of Codt. 3.120881 SM Brr of C"s. 1.446=&8
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FuE AA..L THALLUM ANTiDOTE STUDy DATE 2i14/M

PEAK HEIGWT WORKHEET

SAMPLE: LIVER

GROUPS: Pe (TX & NO Ti)

180
170
160
150
140
130-

0 120
1100

S 90-
so-

a. 70-
0O

50 L
40
300
20
10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T) CONC (ppmn)

SAMPLE AVERAGE SAMPLE
1D PEAK tEIQ4' DATA PEAK Kr M CONC

TA 1 66.4 860. 67.6 0.56
TA 2 "4A 3.0 64.2 0.56
TA 3 75.4 75.2 75.3 0.50
TA 4 73.2 GSA 71.0 0.47
TA 5 G6.S 67.0 ".4 0.44
TA 0 786 77.6 78.2 0.52
TA 7 7&.0 78.5 78.4 0.52
TA 77.2 7092 76.2 032
TA 9 6.A 63.0 64.5 0.43
TA 10 77.0 79.0 73.0 0.52
CA 1 76.4 75.4 753. 0.50
CA 2 " GS.0 63.0 0A3
CA 3 79 77A 7?*A 0.52
CA 4 S9.4 66.0 62.A 042
CA 5 74.4 7?.6 76.1 0.51
CA 6 oJ "6.0 07.4 0.68
CA 7 81.4 83.0 2.2 0.85

71 CONC - (y- b)lm WHERE y - AVERAGE PEAK HEIWT
b m y - HiTERCEPT, COMBINED RUNS
m - SLOPE. COMBINED RUNS
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FILE ABLi THALLIUM ANTIDOTE STU.y DATE a/n W3
PEAK HEIGHT WORKSHEET

SAMPLE: LIVER

ROUNPS: DUPS (TX A NO 1mg

RUN1 AVERAGE
TI STOS PEAK HEIGHT DATA PEAK KT

(pm)m
OLK 0 0.0
0.05 5.7 5.7
0.10 13.6 13.5

0.30 57.8 57.6
0.50 70.0 70.0
0.70 103.4 103.4
1.00 130.2 124.8 127.5

RUN2 AVERAGE
TI STDS PEAK HEIGHT DATA PEAK HT

(Ppm) ....
BLK 0 0.0
0.05 5.4 6.4

0.1 12.5 12.5

0.3 53.3 53.3
0.5 72.6 72.6
0.7 105.6 105.5

1.00 1372 136.6 137.0

RUN 3 AVWG
TI STOS PEAK HEIGHT DATA PEAK HT

(ppin)
0LK 0 0.0

0.05 5.0 5.0
0.1 6.6 9.7 7.7
0.3 50.7 56.7
0.5 67.0 *.0 67.5
0.7 WA4 98.4

1 1.00 125.4 132.7 120.1

177



MIE kIj.1 TK4JLIUM ANTIOOTIE STUD3Y DATE an AW0

PEAK MES0~f WOWAHW

9AMPL: LNE

GOUJPS: OwPe (IX ANo 12q

Ti PEAK IE104T DATA P0617 FOR
BiDS LEAR REGRESSION LUdE

_____ RUN I RUN 2 RUN 3 MUN I MUN2 PAMN3
0 0 0 0 41l T 1-I I.

0.06 5.7 5.4 5.0 11.2 as5 al
0.10 13.5 M2e . 17.8 15* 142

0.3 57.3 53.3 58.7 44.4 44.1 41.4
0.30 76.0 72.0 67.5 71.0 7Z.3 67.3
0.70 106.4 106A1 0.4 07.0 100.6 04.3
1.00 127.5 IVA. 129.1 137.41 142. 134.1

Roem.ion Ouot± RUN I Res~mion OuA%'± RUN 3
Conuamm 4.530674 Coniw 1.53204
StdErr f YEat 0.016065 Sld &r cY Ed 4.127044
R Squmred 0237229 R Squind 0.9706056
No. d Obmiwwatkx 7 No. d 0beiva1@i 7
Do~smaFft dom 5 Drefest of domm 5

X Coelcimn*() 132.876W Xcmdio.) 1243234
Sid IT of Cod, 0.343724 Sam &rf dcome. 8.8711377

3 BiD RUNS
Regresiou OAXpi RUN 2 Noesesion Ou~,,t COMM~

Consba* 1.7MM60 condmt 2."3446
Ssd Eff stY Eat 5.1401M2 amorreYEd 724SOS
R Sqewed 0.030670 R Sqsmd O70.8612
No. df Obswvabmll 7 No. Of Obesrwaos 21
Mp .e ofFreedom 5 Drepos of FReedm I$

X Co@Waietr44) 141,13101 Xcaow 4 ~) 135.49M2
Std Dr of Cost. 6.3116 amd Err of C.od. 4.5637
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FI" keP.L1 THMLAJUM ANrftIDSTUDInY DATE zn aW

SAMPLE: LJVM

GROUJPS: DWl (TX & NO TAQ

180-
170,
160
150,
140'
ISO-

0D120-

ui CO10(-m

80. 7* 00713 05

a. 2 200. 11 05
Go- 1A 6.06.2 04

7350 10US 04

T 0 60.10. 0.36.4 0.5 __ 066. 08091 07

TB 1 72.4 7.0 74.3 0.5l
CBS 2 62.0 60.0 61.0 0.4l
CS 3 65.2 $8.0 03 0.6
CO 4 66.0 SIA ODA 0.43
CS 5 60.0 61. 5.0 02.5 0.43

CBS 6541 64.0 64.5 0.53

c 57 66.0 sl 66A 0.43

TI COt4C (y-b)Irn Viin y - AVERAEPEAK HEN11
b - y - SfEn9CMP. COMISINE RUM'
mn - SLOPE. COISU6dED RUNS
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FILE ACj.1 Th~ftLM AKTIOOM TE 1.Y DATE Z11P1

SAMPJ: LNUR

71 STOB PEAK HOOKT DATA PEAJ( T

O% RK o1 0.0
0.0 5.0 4A 4S
0.10 1:1.14
0.10 61.A GSA1

0 .50 $30. 93S.0
0.70 16. Me 1306
1.00 1493 14.0,0 1 140.4

TI BIOS PEAK MEOW'~ DATA PEAK NT

a 0.0,
0.05 5.0 5.0
0.1 14.4 14.6
0.3 40.1 40.3

0.7 127* 1274
1.00 157.01 1608 15.

ii 51DB PEAK tlMiWT DATA PEAK NT

0.0 4* 0.
0.1 13.4 M 34
0.3 40.6 459
0.5 0402 40.2
0.7 120.4 12D.4
1.00 140.01 140al
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FILE AC..Li TK&L.IJJM ANTIOOYTE STUDY DATE 2h16WS
PEAK HEIGHT ~WVMSEVT

SAkPLE: BLIER

GROUP: PS + DMPS (TX a NO TMQ

71 PEAK HEIGHTS DATA POINTS FOR
STDS LINE.AR REGRESSION LINE

____ RUN 0' RUN 2 RUI43 RUN I RIM 2 RUN 3
0 0 3.5 2.11 1.3

0.05 4.5 5.0 4.8 11.7 10.1 0-5
0.10 13.5 Mg. 13.4 10.9 as) 17.7
0.30 61.6 50.3 0096 52. 52.31 50.7
0.70 136.6 1427. 120. 18.5 110. 116.0
0.70 036.6 0427 120.4 65.61..119. 83e.6

1 1.001J. 140.4 1 5. 1600] j u 1167.8 170.01 166.0

Rp~wsionu Owpik RUN 1 Reuassaon Ou~xt RUN 3
Consiont 3.4536170 Conslent 12306057
SW Err tY Est 13.80604 Sltd Err tY 6.4257M7
R Squared 0.9613230 R Sqmured 0.9010123
No. of Obseemvlab 7 No. of Obsernatlon 7
DO~es of Freedom D*uees of Freedom 5

X Couilistftt) 164.3480 X Coellosri*) 104.0027
Std &Ir of Coal. 14.74257 sw Err of Cod. 7.0141023

3 STD RUNS
Res.emiso Oall.t RUN 2 Raeueionin Ou~xk CMANED

Connert 2.1340425 C40nIMt 2.2101164
Std Err of Y Eat 04364227 amd Er, ofY Ed 8.816721
R Sqaeod 0.0651701 R Sqainred 0*75404
No. ofObsernmors 7 No. of Observidior 21
Deg~e. of Freedom 8 Deums of Freedo 10

x coatwaents) 167.6723 X CodlickaN) 165.0360
SW Err of cost. 0.210001 td iryall cost. 5.600480
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PLE AkCL1 K1 "AJJ NMTOOTE ST'JY DATE 2jiM
PEAK "OnW VrWXMHET

SAMPLE: LVES

GROUPS: Pe + OMPS TX&NO & TM

180
170
160-
150 0
140

~130-
O 120
-- 110
m 100)ýe go-

C. 70-
600
50
40
30
20
10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

TI CONG (ppm)

ID PEAK HEIIT DATA PEAK HIT flcow4

TC 1 96.0 062 0.05.4il
rc 2 9006 93A ml. 0.54

TC 3 17.0 190. A6.0 0.o5
TC 4 10.6 80.0 1.2 0.53
TC 5 06.0 104 97A 0.57
TC 6 126.0 121.2 123. 0.73
TC 7 106.0 1072 107. 0.4
.C a 01.0 102.) 0.0 0.57
.C 9 1101 111.0 110.9 0.66
.rc 1 109. .0 0os IOU___ 10 0.631
cc 1 90.o NAs 1"3 u
CC 2 91.2 10. Isis 0.83
CC 3 106.0 1060 10.8 0.53
CC 4 124.4 126.6 1.5A 0.74
CC a 120.0 110. 110.8 0.71
CC 6 104. 05.4 1015 0.60
cc 7 10.4 100.0 05.7 0.50

fnCONC (y - b) W E y - AVERAGE PEAK IGHT
b - y - Rf'ElCEPT. COMSINED RUNS
m - SLOPE. COMBINED RUNS
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FILE AAH1 ThKLLKM NfmDOTEsi uay DATE Z7/3
PEAK HOIGHT WORKsrT

SAMMP: MART

wQLIS: Ps (TX &NO M T

RUN 1 AVERAGE
TlSTOS PEAK HEIGHT DATA PEAK HT

(PPM)

OLK 0 0.0
0.06 5.0 5.0
0.10 13.2 13.3
0.30 B6.6 W.6
0.80 ll6.0 060

0.70 121.6 121A
1.00 170.4 105.4 167.8

RUNZ IAVERAG

TI STDS PEAK HEIGHT DATA PEAK HT

OLK 0 0.0
0.06 4.0 4.A

0.1 13.3 13.3
0.3 57.7 57.7
0.5 7.6 716.0
0.7 116.0 116.0

1.00 154.0 102.0 186.0

RUN3 AVERAGE

81167D PEAK HEIGHT DATA PEAK HT

BLK 0 0.0

0.06 4.7 4.7
0.1 14.7 14.7
03 54.O so.5
0.5 84.0 64.0
0.7 114,1 114.A

1.00 156.2 160.0 154.1
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PIE A-AHI rThALLM ANliOCI! STUDY DATE 2Z1 7/63
PEAK HEIGHT WORKaHEET

SAMPLE: HEAR

GROUPS: Ps (Tx & NO I)Q

11 PEAK~ EIIGif DATA P0&n7 FOR
STDS L34EPR REORIMSIMt LVIE

RUNtI RUN 2 VALN 3 RMN I RM 2 jRUN 3
000 0 0.1 0.2 1.2

0.06 5.0 4.6 4.7 8.7 6.31 0.3
0.0 13.2 13.3 14.? 17.8 15.4 17.3

0.30 It.6 57.7 6"5 51.7 46.9 40.6
0.70 1U.0 11.0 114 0120 113. 814.
0.60 121.0 76.0 184A 8120 113.i 14.
1.00 167.91 156.01 166.1 172.0 162.3 162.3I

Pogaresn Ou~mt RIM 1 R~gma u~ RL43
Cone~art 0.1297440 Conshrd 1.2407660
Std Er of Y Eat 4.60195 Swrd aY EAt 5.24900W
A Squard 0566171 R Squord 05937140
No. of Ob*WWlom 7 NO. of Obm, m 7
Dogess of Pted 5 Doere. of Freedom 5

X CoeIoffivat) 17124866 XCowaimi() 141.06212
Sld Err od Coat. 1.38097 ltd or of Codt. 5.72830M

3 RLMS
Regressio Ou~x RUN 2 R"pMeewe OR~. comMIE

CeoWAt 0241757 Co.ar 0.534232
SWdErr f Y Ed 5.33043 96dEarrofY Ed 5.1450017
A Sqward 0.0638074 R Squared 0.6619011
No. at Obsrabsors 7 No. at Obmenmiobo 21
Oopma of Freedom 6 Doren. at freedom It

X Codlelant(s) 162.0782 x Codluleei) 104.09040
31d Orr d Coat. 5518418 sw or at Cent. &3010648
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FILE AA1 THUAJ•M AUTfOOTE SlUDY DATE 2A1 7193
PEAK H TQ VORSHET

SAMPLE: HEART

GROUPS- PS (TX & NO TJQ

180
170-
160-
150-

~140-

(0 120-

Sgo-
~80-

IL 70-

110 P/

50-
40[
30
20
10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

TI CONC (ppm)

SAMPLE AVERAGE SAMPLE
10 PEAK IEIGHT DATA PEAK HT TI CONC

TA 1 114.0 114.2 114.1 0.5
TA 2 107.4 112.0 100.7 06A
TA 3 67.4 70.0 63.2 0.50
TA 4 7.0 "4,4 61.2 0.48
TA 5 80.2 796 54.5 O5
TA 6 112.2 10A.4 106.5 06n
TA 7 101.4 I7A 00.4 0.80
TA I 100.5 WA3 a.7? 0.54
TA S 105.1 100.5 101.9 0.1
TA 10 106. 100.2 104 102.5 0.52CA 1 66. 54.0 65.0 0.51

CA 2 114A 110A 112.6 0i
CA 3 100N ODA g4o 056m

CA 4 67.6 72.0 80.4 80.0 0.A
CA 5 84.6 ID.0 63 0.50
CA 6 127.4 125.2 126.3 0.70
CA 7 110.6 106.5 106.7 0.64

11 CONC - (y-b)Im V'M9 y - AVERAGE PEAK MEGW
b - y - SITERCEPT. COMBINED RUNS
on, - SLOPE. COMBNhED RUNS
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FILE A6141 THMA , AIMOTE STUDYy DATE 2A Wft
PEAK NEIWKT WHETSM.A< [OU: HEAR m•T

5IL AMAAT

GROUPS: OWl (TX & NO TV

TI STB PEA MEIGHT DATA PEAK HT

ELK 0 0.0
0.06 S.A &A
0.10 10.3 16.3
0.30 03.6 8.6
0 0 so.2 40-2
0.70 112.3 11L.6
1.00 142.4 142.4

RUN 2 AVERAGE
TISTMU PEAK HEIGHT DATA PEAK HT

0 .00
0.06 6.4 S.40.1 15.5 15.5

03 62.1 62LI0.5 Mi. sl.0
0.7 113A0 113.0

1.oo 140.4 151.0 145.0 145.5

RUN 3 .. ....... AVERAGE
TI r5DB PEAK HEIGHT DATA PEAK HT

0 .0.0
0.06 0.0 5.o

0.1 14.4 14.4
0.3 65.0 65.0
Ol 64.0 64.0
0.7 114.0 114.0

1.00L 147.4 142.8 1451

190



FU Akm 3)41 l UNM A~nfOaO T! Sf.r DATE 2jA IM

SAWLE: MERT

GROUPS: DMPS (TX A No '00

TI PEAKC MEIG4T DATA POffTS FOR
3105 L3WA REGA5s"O LpE

RUN i RUN 9 RUNS 3 RUNI RU W 2 RUN 3

0 0 0 $ 4.5 4A4
0.06 1.0 60.4 6.0 1220 12. " 11.
0.10 16. 15s 14.4 20.3 10.5 10.4

OM3 63.6 62.1 66.0 40.8 40.5 49.4
0.50 80.2 a". "4. 7 0 4A 79.5 79
0.70 112.8 113A0 114.0 10.0A 106.6 too.
1.0 14L.4 145W 145.11 163A I4 154.5

Roenmion Oukxt RUJN I A 0 "im Ou~pA RUN 3
Consfm 5.478100 co.mw 4.411361
SW rrd vY Z 10.137W4 swobvryad 980408M6
R Sqweid 0372750 R Sqined 0MI76MI
No. d Obovyw~kxu 7 No. d ObowNAm 7
Doesm of Froedcw 5 of Pv dNosm S

X Coomeliiet) 1A7ASM X cesowmn*) 150.6466
Std E" of CoW. 11.06600 sm bn WC~of. 10A37M1

3 SID RUNS
Prenmion ulpt UNE -F~ftb OCW OMWNI

Corfishi 4AD50643 coambA 4600775
Sw Err of V Ed 8.04367 Swnde DroY a .402556
R Sqwaqd 0.56634 R Sqiaid 0S?GSM
No. of Obowarom 7 No. ef Obo.vdew 21
D*Wý d Frseedo 6 D"Memssos"redm1

X CosoaMcb4) 150.07803 X cedsuluit) 1663206
Std rf of C"o. 0.4341137 Sbd &I ef OCod. 5.36641
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PLE ABMIH THALLUM ANT1007E 311.1C DATE 2/1613

PEAK HEjKT VWRKSHEET

SAMPLE: HEART

G~ouPS: OMPS (mX & NO TX)

60-
170-
160-
150-

p140-
z130-

0 120-

110ON (pm

100-T
3e P90IIGTDT PA TI 1CN

15 1 7 82877 05
132 46 1 8*

so-~
134 72 6040 04

03 0.10.2 0.304050a07.0 01-3 1*

ID 8E 762W DAT0 Pm6T.1 0*0

Ts 10 82.2 824 __ _ ____ 87.7 0"8

CS 2 "0A 80.0 802 *

TO 4 712 7.4 74.0 0.46
CBR5 7394 730 793 0.46
CS 6 465 o" 01.1 GMN

Cm 7 86.2 76.0 8170.7 0*1

b8 a 83. -4. 4TRCAT cOMIFD
mL 10 UL2E AUBWE NUMB62

ce I s $76 97192A



I[6

fl 000000 0 00 00 00 0

NO



FL" ACHi Th " ANTtDoTE STUDY DATE ZP2
PEAK HME4T WOPOK49FT

SAMPLE: HEART

GROUPS: PS + 0595 ("X & NO IjQ

RUN1 AVERAGE

TI STUB PEAK HEIGHT DATA PFAKHT

0.05 7.3 70.,
0.lO I8SA 15.5

0.30 SII so S1IA

0.70 111.4 111.4
1.00 143.0 143.0

RUN 2 AVERAGE
T1IST0 PEAK HEIGHT DATA PEAK HT

aLK 0 0.0
0.05 7A 7A

0.1 17.1 17.6
0.3 83.8 535
0.51 80.0 30.0
0.7 107.4 IOTA

1.00 13Z21 132.2

RUNSqy AVERAGE

TIST11 PEA HEIGHT DATA PEAK MT

0.0 0 0,0

0.1 18.1 11.1
0.3 40.8 40.,
0.5 61A 011J
0.7 los1 los10

1.00 12021 2.
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PIE AP-41 mHALAAM ANlIOOTE TUVY DATE 2/22*3
PEAK HEIGT VADIMwE

SAWUL: HEART

GROUPS: Pe + Owe (TX A NO VN

TI PEAK HIGH4TS DATA P06411 PCIM
51DB LtA" REGRSSION LNdE

RUN I RUN 2 RIMd 3 RImdI RMN2 RUNd3
0 0 a 0 2A 5.1 5.1T

0.06 7.3 7.4 *A 10.2 11.0 11*
0.0 15.5 17.6 18.1 17A6 1* 15.5

0.30 51* 53.5 40A 47.1 48.1 45.4
0.50 61.6 60.0 81.6 76A 73.5 72.
0.70 11.4 107.4 106.6 106.1 100.0 96.1
1.00 143.01 133.2 1=21. 10. 141A 1630

Regremmon Os~mt RUNd I Reven 0m i RUNS3
cardawt MUM057 Couiiut 6.064227
SWEBrofY Ed 5*16666 ti Br f cl Ed4206
R Sqmned 0.06736 R Sqmwed 0*777346
No. of Obawwabot 7 Not. of ObMh -L .. 7
Degrý ftFeedom 5 Dmum oftFeedom a

X Coeuiaei(s) 147.5276 X Covesimdn) 134.24170
St Err C ost. 9.0240M6 S B~retow o. *.05"0"4

3 Ir0 RUNS
- Ra~asaion 0sLmt RUNE 2eom OAC OMNE

Caubri SAG064M can&A 4.33ON6
aid Err of Y Brt 7.900041 aW~d B fY Br SA4056
Ns 5q.Ad *6416 a Sqmar~d 0CAMS"6
No. of Obewodoes 7 No. 4f bawyeft I1
O*euee o Frseedm Daesm of Feedom I

X Coeaucsui6) 136.834W X cowlmij) 13DA5M0
ald Br of Cost. 8.1872572 ad Br o Cod. 4MC17667
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FILE AOYl THAILLRM A411007 SlUD DATE V122103
PEAM 5Q WMQHETW

SAMPLE HEART

aRouPS: P9 O&VI (r & Nso T~

180-
170.
1600
150-
140-

~130-
CD 120-
Fi 110-
3:100-
W 90,

C. 70"
60,
50-
40-
30-
20
10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

TI CONC (ppmn)

ID PEAK HEIGHT DATA PEAK HT 11 CONO

TC 1 0.4 76.0 75.0 73*5 0*0
TO 2 60.0 644 62.4 026
TC 3 "A6 IIA 966 102.0 0.70
TO 4 742 90.2 66.2 77.1 0*2
TC 8 GGi 76*8 71A6 0.46
TO 6 76.4 76.6 70.5 022
TO 7 65.2 62M 00. 0.40
TO 6 78.0 041 62.6 09.3 0.40
TO 6 63.4 4"* 6W 0.42
TOIO0 75.0 61*0 62.6 U__ _ 62 0.4

6c1 0.2 80.4 60. 024
CC 2 64.0 a"* 43.6 0*M
cc 3 71.0 66.0 60*. 0.47
CC 4 1063 101A 104.2 0.72
cc 8 64A W6.4 66. 0*
cci 6 3.2 a" 6* *
cc 7 M8. 600 763 0*54

71 CONC ty - b)ImEy AI!. VmEREPEAK HEIGHT
b - y - KT!RCEPT. COMSIQED RUNS
in - SLOPE. COMUINE RUNS
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PILE A-ASBR fl."LLJM MiflOWE ST1*Y DATE VAM~S
pEAK mEI0W4T FUBEET

SAMPLE: INMNN

GROUJPS: PS (1X & NO flQ

MOWID PEAK HEIGITf DATA PEAI( N

SImm 0 -0.0
0.06 6.8 G*
0.10 17.2 172
0.30 S0* MA*
0.90 60.0 8.
0.70 104. 104.4

7I S7D PEAK HEIG4T DATA PEAK NV

O.K 0 0.0
0.06 7.2 7.2

0.1 18.0 18.0
0.3 48.7 48.7
0.5 79A 79.4
0.7 1061 1061

1.00 136.21 13562

TI 8705 PEAK HEIGW DATA PEAK NT

0
0GA6 6.4 6.4

0.1 17.0 17.0
0.3 48A 48.8
0.5 77* 77Ii
0.7 1061 1061

1.00 137.0 137.0
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pUL kA..R1 TKPSJAJM ANTIDOTE STUDY DATE Iis23M
pEAK M04 %RKSaHM

SAMPLE: URMN

ORCLIPS. PIS (Tx & NO T)Q

TI PEAK HOOM4T DATA PO4NTS FOR
STOS LN'EAR REGRESSION LME

____ RUN I RUN 2 RU3 RIN II RUN 2 1 RIN 3
000 0 4.41 3.7 2.0

0.06 6$A 7.2 6.4 11.21 10.61 10.0
0.10 17.2 18.0 17.0 16.01 17.61 17.0
0.30 50.$ 48.7 46A 43.2j 45* 4 45.3
0.JO 80.0 70.4 77A 72.3 7323 73.0
0.70 104.4 106.2 106.2 00.51 101.2 101.0
1.00 131.01 136.21 13.0 140.3 142.91 144.3

Regression Ou~pit RMN 1 Rsegreson OuAxk RUN 3
Conntt 4.301120 Condwnt 2.0034042
StdBr ofY Ea 6,7064332 SkdBr of YSa 5.231623
R Squared 0*664400 R Squaed 0 .661578
No. of 064wrvaor 7 No. of Obseraftbu 7
Degrees of ftreedom a Degrees of freedom 5

X Cossolmnw) 136.67063 X Ceeffolord~s) 141.36723
Std Brr of Cod. 7*66024 Ow Brr of Cost. 6.8272644

3 SID RUNS
ReAeeeion Ou~xt RUN a Regresioln Ou~~.t COLONED

Combaw 3*61820 cunebm 3A623646
am Err dy amf 9.10386M Old Er of V Edt 5.2366M0
R Squeed 0J*17624 RtSquared OA0*606
No. of Obserwulore 7 No. of Obomeew" 21
DOg*".. @FReedomg 5 Degrees of freedom 10

x Codlueat4) 1302706 X Co.Imawu*) l3f6)4283
Std Brro Cod. 5.6604016 Sbd Err of Coot. 3.260667
Std Err of Coot. &G66mm01 ad Brf of Coot. 3.206092
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FLE Aoý_BR ThDJXIUM ANWOt s3OV DATE ZFA=
PEAK H0EIGT WWOMW

GROUPS: Pe (rX & NO T)Q

180
170
160
150
140

(9 120
irD 110-
X 100
w 90 .

o. 70-

40
30
20
10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 1

"TI CONC (ppm)

SIhIPLE AVEPAiGE SAiMPLE
ID PEAK HEI4T DATA PEAK W" TIONC

TA 1 48.2 44.4 46.1 0•1
TA 2 40.0 44.2 41.1 0.a
TA 3 06.0 4A.4 98.7 0.47
TA 4 40.0 40.4 402 0.23
TA 5 40.6 10.0 40.5 03
TA 6 502 51.4 10. 0.m
TA 7 41.4 41. 41.6 0.37
TAG 312 37A 34,3 Ol
TA • 45.0 43. "A a."
TA 10 42A. 47.0 44* 0.10
CA I 78. 772 7?. 0.A1
CA 2 71.0 71.0 71.3 0.40
CA 3 WA 7?$A S2 0*7
CA 4 51* 51. 51* 0.,15
CA 5 54.2 $4.4 54.3 0.
CA 6 63.2 "A "Ai 0*04
CA 7 71A 7110 718 0.4

TI CONC (y-b)Im WHERE y - AVUA= PEAK EIGHT
b , y - wTNoEPT. COMWilo Wei

- ILOPE. COMBINED RUNS
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FILE AkBURI THALLIUM ANflOCTE STUDY DA*! =4013

PEAK HEMJff WORKS*IET

SAMPLE: *RPN

WOUPS: DMPS frX & NO TiQ

RUIN I
,nTI 51 PEAK lEH)HT DATA PEAKWN

ilLK 0 0.0
0.05 8.0 6.0
0.10 W2. 22.2
0.30 70.2 70.2

020 105.2 105 *2
0 .70 120.2 129.2

1.0 1i216.0 17.4

mi S=D P9MD t@I0IT DATA PEA(K K

KL 01 0.0
0.AS 6.21 62
0.1 2.21 2".

0A 6771
02 02A6 o2.
0.7 127.0 127.0

1.00 107s, 1682 loci1

7151DS PEAX HEIXf DATA PEAK KT

0.05 6.2 9.2
0.1 22.4 SU4
0.3 69.2 U.2
0A Mi 66
0.7 1302 130.2

1.001 166.8 172.01 170A
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F"L A5.SR1 yKM.LKJm ANIIOTE STUDY DATE ZIW~9

PEWK HEIGHT bWOSMMU

GROUPS: DWCS (TX A NO TiX

TI PmeAKNIGHTS DATA POifTS FOR
SIDS LI4PMA EA IS UWW N E

____ RUNt 1 UN2 RUN 3 mm~ I I a 2 RUN 3
0 0 0 0 5.0 8.1

0O06 9.0 8.2 0.2 14.4 13.8 12.5
0.101 22.2 23.2 2L.4 22.0 22.4 212
0.30 70.2 67.5 16.2 67.0 192 G6OA
0.ff0 865 02" 4A5 @1A 9001 60O0
0.70 129.2 127.0 130.2 125.1 123.5 125A3

1 .u 167.4I 186.1 110A8 170.1 174.71 177,3

Ro~eion Oukmt RUN 1 R" Os.m 0 RUN 3
C-oawbti 5.0286 C~WNbu 3.845114
Std Err of V Ed 5.543764 86d Si dYad 4.6640440
R Sqiamd 0M452063 R Sqummd 0.005102
No. ofOb~wa'~~uw 7 No. d 0'~ m 7

Dowe0.ne of Pveadmvn 5 Srwd oet

X Codic*s*~) 170.17275 X CodIkdns) 173.48M6
Sid &Eno Cod. 0.0162 ON &V 4f CONN. 5.4061151

3 510 RUMS
PAW..smi Oulpt RUN 2 Rowessio ~ O t± COMINW

Cowbne 5.4507040 Coidwbt &3010656
SliEidYldt 7.0064W0 Ud~rifYrA 7M12710
R Sqiared 0.566635 R sqined 0.667510
No. of Obsoiwamon 7 No. ofObowvamw 21
O.~ss ft rd Radm 5 O"gess of fesedam le

X CodadmuIl*) 186.26212 X codiawsuig) 1?1.43460
lid Err of Cod. 7.7461463 lid Errod Cod. 4.422W78
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FILE AkS..UR TmLALmM ANTIDOT GTUDY DATE 2A54W

SAMPLE: 6MAN

afo~W6: OWS (IX A NO 1JQ

ISO-w

731000 6. A *
73go- 6*@* 3
7375.5 5*364 04

70a 360 6. 6* 05

0D 0. 06.2 03 0.4 02 0.510. .8 0.

TO 2 16. 10A 19" Om3

CS 7 640 74* 7.4 0.43

b * I -7 ?4T8CT CU2E CUAS
me 2 SLOPE 74SAE 1R1 0.S

CS 11.2 VAIli205A



90Z
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FILE A-P-S1 THAUA~M #Afl3OTE STUDY DAME -A

aROUP: PS + OMP (Tx a No flQ

7151DB PEAK HE104 DATA PEAK lI

U.K 0 0.
0.06 7.3 7.
0.10 Me. 22.6
0.30 GSA GSA

0.70 126.2 126.
1.00 1164 16.

11570 PEAK EIa10r DATA PEAK Kr

IL 0.0
0OA6 7.6 7.

0.1 36.2 242
0.3 "4A 04.4

0.7 125.2 126.2
1.00, 166S 161.6 154 .21

118706 PEAK HEIGI DATA PEAK NT

BK0 0.0
0.06 U 6.

0.1 22.6 22.6
0.3 64.6 04A
0.5 660A6
0.7 124.0 1340

1.001 113.61 113.2 11.
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FILE A-C..SRI TyLLLIMs ANTlOGTE STUDY DATE W26IM

SDAWLE MAN

GROUPS: Ps5+ OWS (TX £ NO TVQ

fl PEAK NEIOT DATA POUTS FOR
STDS LI4ED FIEGREW*3N UNE

RUN I RUN 2 RUNS3 RUN I I RUNS RUNSM
0 0 0 0 8.5 @A6.

OAS 78 7A $A8 14.5 14.8 116A,
0.10 242 m2a 22.5 22.21za

0.30 65* 644 "A* 54.8 5 4.5
0.70 12. 126. 1a4. 118A 18.3 163
0.70 16.2 6=2. 12.0 86s.S 664.1 60
1.00 156.4 1 15412 153S4 t6AI 155S 12.

Regemon Oion .tp RUN 1 RuMmin COX& RUNS
cor.skut 6.8114865 Coeslar 6.56106
SWSid rro Y Eat 6.20157 Sw Ir elyn E" 65 m
R Squered 0.860661 ft Squerd0.61
No. of Obseruabo 7 No. of Oheurwaftr7
DOgee of Freedme 6 D.eges of Freed. 5

X Co~offiotem) 150.03161 x cooamdos) 156.016
sw Eir of 10al,044000 Sid Err .Cool. 9-...662

3 SiD, RUNS
Reo.esswo OAVA RUNE2 RAp lN- O a: coMUNosm

iofslard$ N.6201 I camtbi* 6.64670
ltd Sir Yat 6 s .138300 Sld Ex cry ad 816676
Rt Squrod 0.873766 Rt Squared 0.660642
No. of ObserwAon7 No. of Observabos 21
Due~es of Freedom 6Dogreee of Freedom, 1s

X Cudoakion) 16166X C*WA~ri*) 156.5266
std Erio Ceod. 10.2106 Nd by of Codt. 517M34
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FILE AA1 TA.LRUM ANTIDOTE STUOY DATE 2ININ
PEAK HEIGHT WORIKHEET

SAMPLE ~M

GROUPS: P + DMP (TX A NO rI4

180
170
160 qp
150
140
130-
120

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

""1 CONC1

I0 PEAK HE4 DATA PEAK liT "n cONO

go-.

T6 1 512 01.8 S1. 0.3

TC 2 GS.4 43* 60 0.3
TO 2 45.0 44.6 44.8 0.24
TO 4 04.,2 10. 67.1 0.,86
TV 5 618.0 751.0 721.0 0.4,1

TO 7 S1.4 61.3 61. 0.,4
TO I 43A 45.4 44. 014
T"CO 57, 541 56.0 0.11
TC 10 43.61 44.4 ____44.0 0.14
CT I 72 Wit. 57.3 0*1
00 2 751 76.2 772 0.45
003 6b0.5 51l.5 5r12 0.47
CC 4 114.5 113.0 113*L 0.66
CC S 110.4 115.3 116.1 0.71
OCO 660.6 4.0 6?74 0.1
CC 7 70.2 70.0 70.1 0.40

11ONC ,'(y-b)/m WHiEREy ,. AV MERAEPEAK HB4T
b " y-INTERCEPT. COUSINED IRJNSw* - SLOPE. COMBINED RUNS
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FPLE AALI .,LJM1ANlODIEWIM UY DATE Z'AM
t'f.HEGHTYAT VMU

,AMPLE ILOO:

GROUPS: PS (lrx A NO TVq

RtUN1I AVERAGE

"flSTD6 PEAK HEIGHT DATA PEAK HT

0 0.0
0.06 3.2 3,2
0,10 13.2 13.2
0.30 4.8 46.
0.60 76.6 76A
0.70 102.0 102.6
1.00 130*1 180.6 1300.7

RUN2 AVERA•IGE

TISTiDS PEAK HIGHT DATA PEAK HT

U.K 0 0.0
0.06 5.4 6.4

0.1 13.4 12.4
0.3 46.0 46.0
0.5 75A 75.4
0,7 104* 104J

1.00 139.2, 13.2 , 137

RNu3+ ...... AGE
"riw PEAK HEIGHT DATA PEAKHT

ILK 0 0.0
0.06 8*1 3*

0.1 12.0 1Ito
0.3 432 43A
0.5 75.4 75.4
0.7 1062 1062

1.00 13.0.0 141.0 140.0
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PILE ALA5.1 ThM.UUM ANYiDOT STUDY DATE 2am11
PEAK ME04T VX1WJMH

SAMPLE: BLOOD

GROUPS: Pe (TX A NO T)Q

1I PEAK HEIGWS DATA P0147 FOR
51OS LINEAR REGESSION LNE

R___ N 1 RUN2 RUNI 3 FINS RUN 2 RUN2 603
0 0 0 0 1.4 0OX -0.7

0.05 3.2 6.4 3.8 8.2 8.0 $A
0.0 13.2 13.4 12.0 15.1 1.11 13A5

0.30 46.0 46.0 43A8 42.5 43.5 42.9

0.70 102.5 104.5 105.2 07A 100.2 101.0

1.00 130.71 1372 140.0 186.5 142.7 144.6

Regresiom 0Iu~t RUN 1 Regresion Ou*.t RUNS
Conshait 1.554606 cowwwt -0*7140
StdEn dY Es @05004 tam Err of Y Ed 3.5470=1
A Squated 0*68622 R qSserd 0A604600
No. df Obsoabwum 7 No.. Obeurodui 7
DOW"$e d FreedoM 5 Dewes" of Freedoml 5

X CoMehione*() 137.13446 X CoWiobmd(u) 145.211
SWd E" d Cod. 6*621360 SOd Eff o Cod. 3872W48

Regresswn Ou~t" RUN 2 Regressin 0s~m CommiED
Condwt 0.0=2021 Conda 0.43MI1
SWd ErrofY Ed 4.0405466 E S dmoY Ed 4*1160M
R Sqkwrd 0.165163 R Sqiarod 0 m360
NO. of Obeuwdams 7 No. df Obaewwomw 21
Degre" af Freedom a Degrmee o Freedom le

X Goemolsi~) 141.76W4 X CodulbW") 14129W46
SWd Err of Cod. 4.4104734 sm Ent efeCo. 2.746676
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FILE AABL1 Thw.JM ANTIOOTE STUDY DATE ZMM

PEAK HEIG4T WORKSM•ET

IAMLE: SLOW

ROUPS: PS (TX & NO T"X

1s0
170
160
150
140

( 120
a!l 110-

Sgo-
60-

CL. 70-

30
20
10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

11 CONC (ppm)

-SAMPLE ....... AVERAGE SAMPLE

ID PEAK HIEIGHT DATA PEAK nT N CONC

TA 1 77.0 77.6 77.3 0.54
TA 2 72.4 56A 69.0 0.48
TA 3 48.8 45.2 4.0 0.33
TA 4 4.2 51.0 49A 0.3O
TA 5 .4.0 1 53.4 OAS
TA O 76.0 70.0 76.0 0.53
TA 7 70.4 73.2 71.4 0.50
TA 8 75.4 73A 74.4 0.52
TA 0 W.0 57.2 10.6 0.42
TA 10 402 40.0 40.1 0.34
CA 1 45.0 45.2 45.1 0.32
CA 2 67A. 44.2 " 0.48
CA 3 452 45.0 45.4 0.32
CA 4 43.0 44" 43* 0.31
CA 5 40.2 7*A 19.0 0.27
CA S 76.0 74.2 75.1 0.G3
CA 7 50.0 47.4 45.7 0.34

11 CONC (y - b)I WHMRE y - AVERAGE PEAK HEIWGT
b - y - N4rRCEWPT, COLI40D RUNS
m - SLOPE. COMIWD RUNS
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U L A k 1 THALU SAO UDY DATE 2 W" SS

PEAx mEI v B

SAMPLE: BLOOD

GROUPS: DMPS (TX & NO TJ)

RUN 1 AVERAGE

TIS IJd PEAK HEIGHT DATA PEAKHT

S0 0.0
0.05 11.2 12.2 11.7
0.10 14.6 24.6
0.30 "6.0 86.0
0.00 79.4 73.4
0.70 110.6 120.0 120.1
1.00 1408 160.0 14.4

RUNg AVERLAGE

I1 PEAK MOIEW DATA PEAK HT

lmi,. 0 0.0
O.05 13A 13.

0.1 24.0 21A
0. 562 56.2
0.5 13.4 UA.

0.7 116a 116.0
1.00 143.0 143.8 1434

RUN 3 AVERGUE

TISD PEAK HEIGHT DATA PEAKHT

ELK 0
0.06 102 10.2

0.1 23.0 23.0
02 43A

0.9 01.0 ".0
0.7 115.2 11.2

1.00 142*8 140.0 141*
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FU AS Io "VALLUM ANTIDTE STUDY DATE 2/1713
PEAK HEIDHYV )FNtBW

SAMPLE: BLOOD

GOLPS: OMPS (IX A NO TJQ

'n PEAK HhIGI 1' DATA POWYS3 FOR
STOS LU1S R~3tSION LIN

____ RUN I RUNI 2 RUNS3 RmNI Rmm RU"3

0 0 0 0 S-5 8-2 7.
0.06 11.7 13.8 10.2 15A 15.5 14.3

0.0 24.6 24.0 IS 23.0 2.2 322A 21A
0.m 56.0 55.2 5GA 52.4 51.6 50.7

0.60 79.4 nA 61.0 Vs* NA. 75*
0.70 120.1 115.6 116.2 110.5 105*9 106*
1.00 145.4 1 143.4 1 141A6 154.7 153A.I 152.0

Regrosionk0 "ua RIM 1 e~mmimn 0s~mt RIms
Coedow 6.63117 Comldma 7M077021
SW Err of Y Edt 9.3=6146 Old Err of Y Edt 847M1nO
R Squwed 0.07535 R Sqsed 0.0802M7
No. of Oboare~ons 7 No. of Oboevmlom 7
Dogeeso of Freedcom 5 Dews" of Freedom

X couhlksw*) 146.21702 X C..odij.) 145.01361
Std or at COWt. 10.405451 INd or of cost. 5.2469M7

3 OlTD RIDS
Re~.svolw 0UNtt RUN 2 Reoeinmn Oup comh*=

CAWndU* 821540 Carew$ 7.66573
SW Fr of y Eat 7.62062=1 ld BrofY Ea 77134602
R Sqsod 0.061034 R $*Wed 0.376661
No. at Okeswlofm 7 No. of 01e~u 31
Depross of hreedom 5 Deogre at reedom 1

X Codwowbtd) 145.2073 x CemubW"m)14.32
Old &F at COW. Simon"6 INd ry atcoat. 4*611060
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FLE A i.Ll IMALJU ANfOTn! SW1DY DATE Z*7f63

PEA me,. OOOSWHT

GROUPS: OWS (TX &NO TM)

180-
170'
160-150

140-

0 120-
M 110-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 o*g I

Tl CONC (ppm)

ID PEAK HI.•4aT DATA PEAK NT TI1CONC

xB I 62 1li 600
TB 2 00,6 61.4 61.0) 0.36
'TB 3 62.4 638 63.1 0.36T" 4 g 0.0 o-.2 60.6 0.86
TB 5 62.6 61. 62.2 0.so
TB 6 54.0 48.* 61.4 0.30

0B 7 61.2 40.8 46.0 0.28
TB 5 54.0 Mi 65.3 0.*3

TB rS 57.2 642 37.7 0.314TB 10 56.4 8 _._ 6* 0.36
CE 1 62.0 60.2 61.11 0-80
C 0 2 137.4 13.0.0 133.7 01

C8BS 140.0 140.6 140.3 0.9t
CS 4 @6* 71T 03.3 0.42

CS 6 111.* 111.a 111.7 0.71
CS S 141.4 148.2 143.3 01I3
CS 7 136.2 140.2 136.2 0 JI0

T MLE AV(y-b)/m WHE y AvERQEPEAKGEISML
b - y - UJERCEPT COMBINE Ri.R4
ID - MLOPE. COMBINED RUMN
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Fu! qACuL IWAJJUM ANTIDOTE STUIDY DATE XF1816

PEAX MWGMT UW #4KAET

SAMPLE: OLOODO

~OIPB: reS+ MPS (Tx a NO TiX)

RUN I
TI BTIDS PEAK HEH~4T DATA PEAK HT

m L 000
0.06 10.0 1.

0.0 20.0 3.
0.30 54.4 4
0.10 $6.2 18.2
0.70 115.6 11".
1.00' 144. 141.A 14321

RUN2 VRG
T1 Bam PEAK HEIGHT? DATA PEAK KY

a 0 0O0

OA 6.0 0.0
0.1 1. 22.6 a
0.3 40A5 40.8

0.7 110.0 110.0
1.00 140AI 147.21 14.3

TI181DB PEAK IfIQ4 DATA PEAK KY

0 0.0
0.06 98 0.8

0.1 I&A 15.
03 40.6 40.6
0.5 612 512
0.7 12e. 15.8

1.001 136S4 143.4100
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mIL kAC l n~.&jaEIW ASnO 11001! uiUIM 2f
PEAK GHETI WWNCWH

SAMPLE: BLOOD

a~aUps: PeS+ DU3 (TX aNo Q

T1 PEAK NEIG4HM DATA P0INI FRP
STOB LOWAR REOPhIES1DI4 LIE

____ RUNi I RIN2 0 INS 0 RUN 1 1 IN2 RUN 3

0.0 10.0 0.0 SII 120 10.5 11.0
0.10 20.0 22.6 16.4 20.3 180 0.
0.30 54.4 Us3 403: 40.7 48.0 4183
0.50 6.2 M0. 61.2 73.1 77.0 78.6
0.70 115.& 110.0 123A0 106. 107.0 100.3
1.00 143.21 l 140.31 011 16". 1533 155.0

Regmnion Ou~mt RLIM I R~eueeion ult RLIM
Conedlm 5.551134" Conduit 4.150179
StcleffoyEil 6.944002 StibrrfY~d 9JO27571
R Sqwwod OJOUWiO R Sqeare 027854610
No. of Obeuwyaom 7 No. of Obuemebm 7
Degin of Freedom 5 D ewof FReedm b

X Codeduil~(s) 147.06672 X coodmk () 148.6W?
Std Er of Codl. 7217975107 emi Enf sCoill. 03640680

3 SID RLIMS
Roensin Oudput PUN 211 Re mmIo 0ikt COMBINED

CnM3.013101 Condit 421101773
SWdEnfcY Est 7AM64102 $11111 VGl il W5.1937
R Sqwaed 01002 R Squird 0.063602
No. of Obeemalon 7 No. of Obeervms 21
Deuemi of Reeo 5 Dineue of FReedom 10

X Collmobu1411) 140.79256 X Coalkdimisi) 146106.m
Std Ef of COOl. 7.7068165 9w Sir of Codl. 4.367007
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FIUE ACL1 k4:60. LUM ANTnX STUDY DATE =3
PEAKX mO KT V,•FK*W

SAMPL,, OLO00

gROUPS: PS+ODWS (X& NO TV)

180
170
160
150
140

120-
-- 110-

100

v0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.91

TICONC (ppm)

ID PEA IEIGHT DATA PEAK HT 11 CONO

TO 1 Z3.4 34.0 2.4 0.17
TO 2 42.4 48.4 44.1 0.27
rc 3 52.2 832 02.7 0.33

TC 4 48.2 44.* 46.4 O.5
TC 5 41.0 4U. 44.4 0.30

40e 27* 40. am. 0.,0
TO 7 31* 3. 34* 021

TO 3 54.2 29* 31*4 0.10
TO S 33.0 27* 23.2 0.10
T 10 48.2 41.0 40. 0.3

CC 131*8 129*O 130.7 0O5
S 02 71.2 80.30. 0 0..O4

S4 1310.0 13T2.0 151.0 0JI5

CC 5 130.4 140.4 131e. 0.41
TCC 11.0 134.0 116.4 0.73
CC 7 2OA 101.4 104.1 0

ClON4C - 4(y-b) Am y A • PEAK" 0.0

b " y - ITERCEPT. COMUiNED RUNS
* SLWOPE. COUWINED RUNS
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PILE AA.p1 ThwfdJM~ ANflOOTZ STUDY DATE 311#13

SAMPLE: FECES

GROUPS: PS frX & NO T)j

711810 PEAK NE)G(T DATA PEAK HT

OLK 0 0.0
0.06 7.0 7.0
0.10 18J 16.3
0.30 "A 40.

oso .0 $9.0
0.70 lOIU 106.
1.00 140.4 140.2 140.31

115105 PEAK Muin' DATA PEAKHIT

NLK 0 0.0
0.06 7A8 7?A

0.1 .000
0.3 99.2 50.2
041 U.2 6.2
0.7 110.6 110.

1.00 148.8 154.01 15 I1.71

115105 PEAK HEIWITf DATA PEAK NT

B 0 0.0
0.06 7.6 7.6

0.1 19.0 10.8
0.3 50A 86.6

0.7 111.0 
"1.1.00 158.2 IS , 153.2
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PILE AA.Y1 TH&JAJM ANTIDOTE STWY DATE 3AIS3
PEAK HEIGHT WORKSMOT

SAMPLE: FECES

GROUPS: IDS (MX a NO TX)

11 PEAK HEtGMTS DATA POWNS MOR
amD Lt"A REOFESSION LIE

RUN I RUN 2 RINS 3 UNMI RUN2 RUIN3
000 0 4.7 43 3

0.06 7.0 7.6 7.6 12.2 12.5 11.5
0.10 I&* 20.0 IGA 10.7 20.1 10.1
0.30 "A* 50.2 GOA 48A 60.5 49A
0.3o 80.o a5" 54.8 75.A $1.0 80.5
0.70 1INA 110.5 111.0 110.0 111.4 111.2

t 100 140.3 1 151.7? 153.31 156.2 157.11 157.2.

Regressior Oullt RUN I PResirmlo Ouw.t IRUN3
Coebd4AS70636 candad S.7810

Std Err dY Ea 7.0907534 BUWrofTI 4.6074M2
R Squered 0A0670654 R sqsar"d 05044416
No. od Obeerw.Ums 7 No. of Obsesrvalom 7
Degress of Freedom a Doess o Freedom 5

X Cofsbilbsn~) 150.5165 X Co40Iad.") 153.3661
Std Err Cost. 7.7061323 Sid Err Of cod. 5.1277618

Regrmsion Ouoput RUN 2 Rlegression OLpt± COMBO=
Caosart 4.111731010 CaubMt 4.4442663
Std Err of Y Ed 6.364022 adM Err of y Ed 5.46051011
R Sqsaied 0.0808110 A Sqwed 0.0603204
No. of Obserlo~m 7 No. of Observalm 21
Degrees df Freedom 5 D*egreS ftredom 10

x Cogiower6() 162.20M1 X Codfila~n*~) 152.03404
Std Err of Cod. 6.047666 am a" all Clod. 3.440W=
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FILE AA-F ThALLUJM ANTOTE STUDY DATE 3/l/W

PEAK HEIGHT WORISHEET

SAMPLE: FECES

GROUPS: PS (TX & NO T)Q

so-
170-
160-

150-
130-

T 10 7.

Ta. 37 90000 04

so,

0T1 0.2 0 4 2 0. 0.6 0.7 0.8 0. 0 1

TI CONC (ppm)

-SAMP• LE ......... AVERAGE SAMPLE
I0 PEAK HEIGHT DATA PEAK HT T11CONC

amm)

TA I 7U 75.0 78.1 0.46
TA 2 58.4 56.4 8,9 0.42
TA 3 9.0 70.0 500 0.43
TA 4 45.4 60.2 4.89 0.30
TA 5 57.8 9.6 U. 0.36
TA 6 67.2 60.0 60.6 0.37
TA 7 48.2 43.0 47.0 0.j2
TA 8 57.2 60.4 E I 0•

TA 0 0A 00.0 61.0 0.37
TAI 10 80.4 , 51 8.0 0."

CA 1 61.2 62.0 60.3 0.37
CA 2 44.2 43A1 40.0 0.27

CA 5 Soi 58.0 $.9 036"
CA 6 45.0 50.0 47.5 0.26
CA 7 77.4 73.6 75.5 0.47

T1CONC - (y -b)m WHERE y - AVERAGE PEAK HEIGHT
b - y - KITERCEPT, COMBINED RUNS
m - SLOPE. COMBINED RUNS
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IEABF1 k8L.UIKLNJ ANIDOTE STWY DATE 34M
PEAK HEIOHT WORKHET

SAMPLE: FECES

GOUPS.: MPS (X A NO I'Q

RUNI AVERAGE
11 SToS PEAK HEIGHT DATA PEAK HT

ILK 0 0.0
0.06 7.6 7.6
0.10 10.4 1S.4
0.30 64.8 54A
0.50 86.0 G,,0
0.70 110.0 110.0
1.00 160.81 140.0 1 140.0

RUN 2 AVERAGE
TI STO" PEAK HEIGHT DATA PEAK HT

LK 0 0.0
0.01 6.6 6.6

0.1 17. 178
0.3 83.0 53.0
0.5 35.0 86.0
0.7 106 1 1086 1

1.00 , 148.0 141.0 144.5

7RUN 3 AVERAGE11 STUBS PEAK( HEIGHT DATA PEAK NT

0 0.0

0.06 5.2 5.2
0.1 17.0 17.0
0.3 47.6 47A6
0.5 00.4 80.4
0.7 103.4 103.4

1.00 140.2 139.2 130.7
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FILE ASBPi ThJ*LLI.UM ANTIDOTE STUDY DATE 34MS
PEAK HEIGW WRKWA~T

SAMPLE: FECES

GROUPS: OMPl (MX & NO T4Q

T1 PEAK I19ORMT DATA POINTS FOR
97DB LINEAR REGRESSION LINE

____ RUN I RIM2 IRUN 3 RUN1I RUN 2 RUNS3
0 0 01 0 3.9 3.0 2.2

0.05 7.6 6.61 5.2 11.5 10.9 9.4
0.1 19.4 1?'$1 17.0 16.0 16.2 16.5
0.30 54.8 53.01 47.5 49.2 47.5 45.0
0.70 110. 102 80.4 10.6 176.1 103.0
0.50 106.0 1501 102.4 700.4 76.6 732.0
1.00 140.01 144.5 1 130.71 154.0 150.1 144.8

Roueealon Output RUN I Ro~anion Ouomt RUN 3
Conebnt 3.92M048 Conshwt 2.225148
Std Erof d Y5Es 5.1041820 SW Err d Y Est 4Z5732652
R Squared 0.9932403 R Squard 0.99300M
No. of Obaewilons I No. of Obueawybo 7
Dogmas of Freedom 5 Dog~s"of Fteedomn 5

X CoeIIfierit~) 131.01531 x Coe~~owwrl) 142.53531
Std fir of Cost. 5.5714885 Bd Err of Cool. 4.9091o6

3S li RUNS
PReftimon Ouvpof RUN 2 R*egimon Oulpat COAMBNED

Constant 3.1550510 Consudi 3.235446
Std Err d Y Edt 5.648103 SW Err d Y Eat 5.1787206
R Squared 0.5912320 R Squved 0.091681
No. od Obeewvabom 7 No. df Obawyab"s 21
00gmn of Freedom S Osgimt of Freedomn I@

X Coomefliet(s) 14610606 X Coeclent(s) 146.6663
ltd B' of Cost. 6.16020= Sw Brf of codt. 3.263675
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FILE AkSiF Th4.LIUM ANDOOTE STUDY DATE 3/29

PEAK HEIGHT WORAKSNIET

SAMP..E: FECES

GROUPS: OMPS (TX & NO TX

180-
170-
160-
150-
140-

D 120-
110-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0,9 1

11 CONG (ppm)

SAMPLE A~VERAG BAMLE
ID PEAK NEIGHT DATA PEAK liT T"ICONIC

TB 1 57.4 56.8 5"7.1 0.37i
TB 2 59.6 57.8 88.5 0.38!
1"8 3 52.0 50.2. 51.1 0.331
TB 4 56.8 56.0 6.4 0.361
T3 8 44.2 41.3 42.7 0.27I
"rB 6 64.4 86* 61.6 0.40
T B 7 5 .0 1 5. 6 1 6 * 0 .3 6
TB3 8 48.8 44.046.4. 0.29
TB 0 13.4 388. 314.8 0.21
"B 10 34*8 32.2 .___ _.__ 3 ! 0.21

CB 1 49. 83.6 51.7 0.33

CS 2 66* 71.2 66.0 0.45
CS 3 46.* 51. 40.3 0.310 0 4 70.6 72.0 71.3 0.46
CB 5 41.2 46.2 43.7 0.28
Cu 6 73.2 72.0 72.9 0.47
CS 7 72. 72.2 72.5 0.47

TI CONC - (y -b)J/m WHERy - AVERAGE PEAK HEIGHiT
b -, y - UNTERCEPT, COMBDINED RUNS
m ,, SLOPE. COMSBINED RUNS

231



i n
" Oft"" 

VON"" 
"

~!

URit

0

i I _ _ _ _ _ _

5 '1

s WI~

IiL_ _ __ _



FILE AC_1 11tWUM AmTDOTE SmuOY DATE 3/W
PEAK HMWfT WRSHErt

SAMPLE: FECES

GROUP: PS+DMPS (TX&NO T)Q

RU s ....... AVERAGE
TIOSIDS PEAK HEIGHT DATA PEAK HT

0 0.0
0.06 0.0 6.0
0.10 14.2 14.2
0.10 37A 37.6
0.80 46.0 8.01
0.70 106ls 106
1.00 . 135.4 13* 137.1

RUN4 2
T111•0 POXAK HEIS DATA PEAK NH

W LK 0 0.0
0.05 5.2 5.2

0.1 12.2 12.2
0.3 47.4 4714
0.5 77A4 77.4
0.7 96.0 90.0

1.00 I33 1 .0 _ 131.7

U3 - AVERGIIE

TI"310 PEAK HEIGHT DATA PEAK NH
0 0.0

0.06 2.4 2.4
0.1 13.2 13.2

0 .3 46.9 40*
0.5 $2.0 62.0
0.7 104.6 104.6

1.001 133.0 136.4 134.2
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PILE AC-F ThLLJM ANTIrOTE STLUY DATE 3d8
PEAK HEIGWT WORKSNEET

SAMPLE: FECES

GROUPS: PS+OMPS (TXANO T)Q

I1 PEAK bEIHM DATA POINTS FOR
STDS LJNE-A REGRESSION L14E

RUN I RUN2 RUN3 RUNI I RUN 2 RuN3
0 0 0 0 0.1 i.7 1.1

0.06 0.0 5.2 2.4 7.j 6.6 8.2
0.10 14.2 12.2 13.2 15.1 IS. 15.3
0.30 37.6 474 4 43."A 42.A 43.A
0.70 106.8 s.o 104. 101. 97.0 100.3

1.00 137.1 131.7 134.2 1441 137. 142.7

Regession Output RUN I R.,e"in Outpt R.UN 3
Corlsnt 0.6702706 Conxut 1.14227
Std Err of Y Eat 7.06647 Std Err of YEW aSam
n Squared 0.86O6S R Squmed 06M52
No. of Obsenuaouu 7 No. of Obeer'Nimuin 7
Degree of Freedmo S Degees a Freedom 5

X Codfciangs) 1"4.13021 x Coewawef*) 141.56638
Std Er of Cost. 6.1934000 SW Er of Cost. 7.o04370

3 STD RUNS
Regression Output RUN 2 Reorewon Outpt CoMMED

CAftM 1.7440651 Camhlbnt 1.192106
Std r rV EY t Ed6A23•06 d Er oY Est 6.1317310
R Squewd 0.8606310 R Squwed 0.9958M
No. of Obsemrob" 7 No. o, Obeewitalo 21
Degrees of Freedom 5 Degrees of Freedom 10

X Coollfcert(s) 130.10468 X Codallongs) 140A0700
Std Br of C,•f. 5.9183183 Sw EBr of Cod. 3.8642706
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FILE A CPF TI.LIUM ANlOTEa SUDY DATE 34M
PEAK ?WTf" EWORtZET

SAMPLE; FECES

GROUP: Pe+U OWl9 (Mx & NO T'Q

180
170
160
150
140

x 130-
0 120
M 110-

1100

IL 70-
60,

40-
30-
20'
10-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

•n CONC (ppm)

SAMPLE .... RAGE SAMPLtE

ID PEAK HEIGHT DATA PEAK HT 1T CONC

TC 1 102.2 101.0 101.6 0.71
TC 2 90.0 o.0 #90.3 0.10
TC 3 4.2 83.2 83.7 0.m
TC 4 106.2 106* 105.4 0.74
"Tc 5 124.2 1212 128.2 O*i
TO 6 128. 124.4 1252 am
Tc 7 107. 106.2 106.0 0.75
Tc 8 05.0 94.4 94.7 0.67
TO 9 66.2 97.0 96.1 0.68
Tco 10 0.* 60.1 _3.7 0.66
cc 1 40* 48. 402 0.34
cc 2 45.4 4&8 44* 0.31
cc 3 450 45.0 48.0 O3
CC 4 72.0 71A 71.? 0*50
CC a $0.2 0012 67.7 0.4?
CC 6 48.2 44.0 46.1 0.32
CC 7 10,0 10.4 W03 0.35

TI CONC (y-b)m VWHERE y - AVERAGE PEAK HEGHT
b - y - INTERCEPT. COMBINED RUNS

= - SLOPE. COMBINED RUNS
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